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ABSTRACT

This project focused on addressing the two main problems associated with state of art
Molten Carbonate Fuel Cells, namely loss of cathode active material and stainless steel current
collector deterioration due to corrosion. We followed a dual approach where in the first case we
developed novel materials to replace the cathode and current collector currently used in molten
carbonate fuel cells. In the second case we improved the performance of conventional cathode
and current collectors through surface modification. States of art NiO cathode in MCFC undergo
dissolution in the cathode melt thereby limiting the lifetime of the cell. To prevent this we
deposited cobalt using an electroless deposition process. We aso coated perovskite
(Lao.sSro2C003) in NiO thorough a sol-gel process. The electrochemical oxidation behavior of
Co and perovskites coated electrodes is similar to that of the bare NiO cathode. Co and
perovskite coatings on the surface decrease the dissolution of Ni into the melt and thereby
stabilize the cathode. Both, cobalt and provskites coated nickel oxide, show a higher polarization
compared to that of nickel oxide, which could be due to the reduced surface area. Cobalt
substituted lithium nickel oxide (LiNpsC0p202 ) and lithium cobalt oxide were also studied.
LiNLCo1.xO, was synthesized by solid-state reaction procedure using lithium nitrate, nickel
hydroxide and cobalt oxalate precursor. LiNkCo;xO> showed smaller dissolution of nickel than
state of art nickel oxide cathode. The performance was comparable to that of nickel oxide.

The corrosion of the current collector in the cathode side was also studied. The corrosion
characteristics of both SS304 and SS304 coated with Co-Ni alloy were studied. This study
confirms that surface modification of SS304 leads to the formation of complex scales with better
barrier properties and better electronic conductivity at 650°C.

A three phase homogeneous model was developed to simulate the performance of the
molten carbonate fuel cell cathode and the complete fuel cell. The homogeneous model is based
on volume averaging of different variables in the three phases over a small volume element. This
approach can be used to model porous electrodes as it represents the real system much better
than the conventional agglomerate model. Using the homogeneous model the polarization
characteristics of the MCFC cathode and fuel cell were studied under different operating
conditions. Both the cathode and the full cell model give good fits to the experimental data.
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INTRODUCTION

The Molten Carbonate Fuel cell (MCFC), operating at a temperature of 650°C, has been
under intensive development for the last few decades as a second-generation fudl cell [1,2].
Significant advances have been done in addressing design issues resulting in the development of
prototype MCFC power generators. However, several hurdles remain before commercialization
of molten carbonate fuel cells can be realized. The primary challenge remains in the proper
selection of materials for the cathode and current collector. Current state-of-art [3] relieson NiO
cathodes fabricated from Ni powder. However, during cell operation, nickel oxide dissolves in
the electrolyte [4] and does not satisfy long-term stability criteria [5]. Nickel oxide reacts with
CO, present in the eectrolyte according to an acidic dissolution mechanism

NiO +CO, ® Ni* +CO,”

The dissolved nickel remains in equilibrium with the NiO cathode. Simultaneously, the
Ni?* cation diffuses to the anode side of the electrolyte and is then reduced in the hydrogen
atmosphere to metallic nickel. The diffusion of N#* cation fuels more dissolution of nickel from
the cathode. Continued deposition of Ni in the anode region eventually leads to a short circuit
between the anode and cathode. The dissolution is accelerated under higher CO, partia pressure
and results in lowering the operating life of the cell. Apart from this, cathode dissolution results
in loss of active materia and in decrease of the active surface area available for the oxygen
reduction reaction (cathodic reaction) leading to degradation in fuel cell performance.

Current state-of-art on solving the Ni dissolution problem is focused on varying the
molten salt congtituents [6,7] or using aternate cathode materials [8-10]. More basic molten
carbonate melts such as Li/Na carbonate eutectic have been used to decrease the Ni dissolution
rate in the melt [6,7]. Alkaline earth metal salts based on Ba or Sr have also been used as
additives to increase the basicity of the melt. However, using more basic molten carbonate melts
only partially solves the problem, since these melts decrease the NiO dissolution rate by 10 to
15% only [6,7].

The other approach to counter the nickel dissolution problem is to either modify NiO or
to identify alternate cathode materials, which have longer life in the melt. Alternate electrodes
should have good electronic conductivity, chemical stability and proper microstructure for use as
MCFC cathodes. LiFeO, and LiCoO, offered initial promise as replacement material for NiO
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cathodes [8-10]. However, the exchange current density for oxygen reduction reaction on LiFeO
is about two orders of magnitude lower than that on NiO. Thus, the ow kinetics for oxygen
reduction limits the possibilities for further improvement of cathodes based on this naterial.
LiCoO, is more stable than NiO in alkaline environment [8]. However, LiCoO; is less
electronically conductive than NiO and is more expensive than NiO. Other choices for cathode
materials have falled because of their low electronic conductivity or poor oxygen reduction
kinetics. This being the case, surface modification of NiO with more resistant materials and
doping LiNiO» with different amounts of cobalt using a solid state route are being considered as
more viable alternatives. The objective of this part of the study is to evaluate the performance of
cobalt coated nickel cathodes, cobalt coated nickel powder cathodes, LaggSro2CoOs coated
nickel cathode and LiNKCo;.xO, as cathode materials in molten carbonate fuel cells. A variety of
electrochemical and physical characterization techniques have been used to study the
performance of these mixed oxides.

As mentioned before, current collector corrosion is one of the primary chalenges
preventing the commerciaization of MCFC. Austenitic stainless steels like 310S, 316 or 316L
are typically used for construction of cathode and anode current collectors and bipolar separator
plates [11-15]. The steel components are subjected to a large polarization when they are used in
the cathode side owing to the potential in which oxygen reduction reaction occurs. This
polarization leads to the oxidation of stainless steel components and to the dissolution of some of
the alloy components through the porous corrosion scales.

The corrosion behavior of stainless steel components in molten carbonate conditions has
been studied extensively during the past decade. Attempts were made to increase the corrosion
resistance of these components by altering the aloy composition [11,12,16-19] or by using
surface modification techniques [20,21].

The corrosion resistance of stainless steels and nickel-base alloys in aqueous solutions
can often be increased by addition of chromium or aluminum [22-24]. Chromium protects the
base metal from corrosion by forming an oxide layer at the surface. Chromium is also considered
to be an important alloying metal for steels in MCFC applications. Chromium containing
stainless steel however, leads to the induced loss of electrolyte. Previous studies done to
characterize the corrosion behavior of chromium in MCFC conditions have shown formation of

several lithium chromium oxides by reaction with the electrolyte [22]. This corrosion process
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also results in increased ohmic loss due to formation of scales on the steel. Also, aluminum
addition has a positive effect on corrosion resistance [23,24]. However, corrosion scales formed
on aluminum containing aloys show low conductivity leading to a significant ohmic polarization
loss.

Surface modification of the current collectors by suitable coatings, (electroless plating,
electro cladding etc.) is an alternate approach for solving the corrosion problem. Surface
modification or alloying aters the composition and complexity of the corrosion scales, which
prevents further corrosion and outward diffusion of the alloy components. The coating materials
that are currently studied fall into three categories namely (i) metals and aloys, (ii) ceramics
composed of non-metals and (iii) ceramics composed of metals and nonmetals including mixed
oxides. Most of the current research on corrosion protective coatings is focused on metals and
aloys because of the conductivity demand. Nickel electro cladding is popularly used as a surface
modification technique to reduce corrosion on the anode side of the bipolar plate. However, the
corrosion performance of most of the metals is not satisfactory on the cathode side. Ceramic
coatings have good corrosion resistance properties, but they have a covalent character with a
poor electronic conductivity. Mixed oxides are stable in molten carbonate (e.g. Li doped NiO,
LiCoO», LiFeO, etc.). This is evident from the fact that these oxides are corrosion products in
molten carbonates. Therefore, oxide materials can be used as coating to impart barrier properties
and corrosion resistance in molten carbonate environment.

Nickel containing scales exhibit higher conductivity due to the presence of trivalent
nickel ions, which introduce vacancies in the lattice of the scale [25]. Therefore nickel based
coating can lead to superior conductivity and good protection provided that it is alloyed properly
with corrosion resistant elements. Cobalt has a lower solubility in molten carbonate [26].
Electroless plating of NiCo gives rise to deposition of uniform layers of amorphous
nanostructured material, which would result in better protection of the substrate. The objective of
this work is therefore to synthesize electroless Co-Ni over SS 304 substrate and to characterize
the deposit in MCFC cathode conditions. We expect to form a layer of lithiated Co-Ni oxides,
which would improve the corrosion resistance and also increase the electronic conductivity. The
corrosion characteristics of both SS304 and Co-Ni-SS304 were studied using a variety of
electrochemical and surface characterization techniques. Hame atomic absorption spectroscopy

was used to analyze the dissolved metal concentrations in molten carbonate.
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Several theoretical models have been derived for the molten carbonate fuel cathode [27-
37]. First principles based theoretical models for MCFC cathode can be divided into the thin film
model [27] and the agglomerate model [28]. Wilemski [27] assumed that the MCFC cathode
could be described as a cylindrical pore covered with a thin film of electrolyte. Gases flowing
through the pore dissolve at the surface of the film and diffuse to the surface of the pore and
react there. While the model gives good agreement with experimenta data, it requires knowledge
of the pore diameter, length and film thickness. Further, the entire description of the electrode is
limited and cannot be used for cathode design analysis or two-dimensional simulations. The
more common and popular approach for describing the MCFC cathode is the agglomerate model
proposed by Yuh and Selman [28]. In this approach, the electrode is assumed to consist of
cylindrical agglomerates completely flooded with electrolyte. Gaseous species move through
straight cylindrical channels of macropores. Figure 1 presents a schematic of the agglomerate
model as applied to the MCFC cathode. As shown in the figure, the macropore is continuous and
extends from the current collector to the aluminate matrix. Adjacent to these macropores are
microporous agglomerates covered with a film of electrolyte. Both the macropores and
micropores remain segregated and the electrochemical reaction proceeds both on the film
(exterior to the agglomerate) and also in the micropores (interior of the agglomerate). Yu and
Selman [28] do not consider the varying degree of electrolyte fill in the cathode. Using this
model, the polarization characteristics of both the cathode and anode have been analyzed.
Further, this approach has also been applied to determine the reaction kinetic parameters through
impedance analysis. The performance of the MCFC cathode has been analyzed extensively using
the agglomerate model by Prins-Jansen et al [29]. Kunz et al. [30] used the agglomerate
approach but assumed that the reaction proceeded only on the interior surface of the agglomerate
but not on the surface of the film. Further, they incorporated the varying electrolyte fill in the
cathode by correlating the porosimetry data to the agglomerate diameter. Fontes et al. [31]
modified Selman’s agglomerate model [28] to account for the electrolyte fill and compared these
resultsto that of Kunz et al. [30]. They accounted for increase in the amount of electrolyte by the
uniform growth of the electrolyte film or the decrease of the effective surface area for reaction.
They found that a partially drowned agglomerate model with consideration of reaction on the

exterior agglomerate surface provided a more realistic description of the cathode as compared to
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the homogeneous agglomerate model. Christensen and Livbjerg [32] who considered the
agglomerate as a one-dimensional slab instead of a cylinder also used a similar approach.

The principal deficiency of the agglomerate model, apart from the simplified pore
structure assumed, is the lack of measured values for film thickness and agglomerate radius.
Both these parameters cannot be estimated appropriately. The agglomerate radius can be
estimated from post-test SEM micrographs. However, this radius is not the same along the whole
length of the electrode. Further, as discussed by Prins Jansen et al. [29] attempts to estimate the
thickness of the film vary by two orders of magnitude. Also, using the agglomerate model it is
not possible to determine potential/current variations in directions perpendicular to the depth of
the electrode. A pseudo-2D modd was used by Fontes et al. [33] to determine the effect of
different design parameters on the performance of the MCFC cathode. In this approach the local
reaction rate was solved separately using the agglomerate approach. This was input as a source
function in solving for the potential/current variations in two dimensions. This approach does not
convey the true physical picture and is till limited due to the de-coupling of the potential from
the reaction rate and the use of the agglomerate radius.

The above problems associated with the agglomerate model can be avoided if we take the
aternate approach, namely the volume averaging technique used for porous media as done by
Prins-Jansen et al [34] and De Vidts [38,39]. As compared to the agglomerate model where
macropores and micropores remain as separate entities, in this approach the pores in the
electrode exist in a single continuum. Further, all three phases co-exist within the porous
electrode and reaction proceeds everywhere at the solid/melt interface. Using the volume
averaging technique, Prins-Jansen et al [34] developed an impedance model for extracting the
reaction and transport parameters from experimental data. Model simulations were fitted to
experimental data within a certain confidence interval. They found that the diffusion coefficient
of O, and CO, is three orders of magnitude larger than that estimated from the agglomerate
model. Other parameters were of the same magnitude as reported by Y uh and Selman [28]. The
model developed by Prins-Jansen et al. [34] combines both the electrolyte and gas phases into a
single entity during volume averaging. The gas and liquid phase mass transport were not
considered separately. In this study we adopt the volume averaging technique as outlined by De
Vidts and White [38] for three phase reactions in porous el ectrodes. Using this approach, volume
averaged concentrations of both gaseous and liquid phase reactants are obtained separately. The
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goa of this study was to use the volume averaging technique for studying the polarization
characteristics of the MCFC cathode, which has not been done before. The effect of different
design parameters on the electrode performance has also been analyzed. The model considers the
potential and current variation in both liquid and solid phases. Further concentration variationsin
the liquid and gaseous phases are considered separately. Using this approach electrolyte filling
can be incorporated at ease in addition to eliminating the problems associated with the
agglomerate concept. Also different reaction mechanisms can be studied and homogeneity can
be assumed safely. Researchers interested in improving MCFC performance need to focus on
cell components that have scope for yielding the maximum decrease in cell polarization. A full
cell model would prove useful in anayzing the performance of MCFC in detall and in
determining voltage losses in different regions of the cell. Previous modeling work in MCFC
was focused on studying the performance of individua electrodes under different gas
compositions and temperature. Yuh and Selman [28] modeled the performance of the MCFC
cathode and anode and determined the dependencies of the electrode kinetic parameters on inlet
gas composition. Other approaches to MCFC modeling have followed a similar methodology to
date and no extensive full cell modeling has been done. Machielse [40] used a simple algebraic
model to describe the performance of molten carbonate fuel cell. The model does not consider
any changes in reactant concentrations across the MCFC electrodes. A similar approach was
used by Standaert et al. [41] to analyze the performance of the MCFC. They used two different
forms of the Nernst equation to determine the cell potential. The first approximation considered
the local current density to be constant (zero order approximation). The second took into account
the nonhomogeneity of the current density by assuming the local current density as a linear
function of the distance (first order approximation). Both these approximations are valid only
under limited cell operating conditions. A comprehensive full cell mode is necessary in
explaining the fuel cell performance. The objective of this last study is to understand the molten
carbonate fuel cell performance through theoretical modeling. To accomplish this we first derive
model equations using a three phase homogeneous model based on volume averaging. Next, the
model equations are solved through finite element analysis and the polarization drops in different
regions in the cell are determined. Finally, we analyze the cell performance and study the effect
of different electrode variables on cell polarization. The maximum power that can be obtained is

also determined for different cell thickness.
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EXECUTIVE SUMMARY

This project focused on addressing the two main problems associated with state of art
Molten Carbonate Fuel Cells, namely loss of cathode active material and stainless steel current
collector deterioration due to corrosion. We followed a dual approach where in the first case we
developed novel materials to replace the cathode and current collector currently used in molten
carbonate fuel cells. In the second case we improved the performance of conventional cathode
and current collectors through surface modification. States of art NiO cathode in MCFC undergo
dissolution in the cathode melt thereby limiting the lifetime of the cell. To prevent this we
deposited cobalt using an electroless deposition process. We aso coated perovskite
(Lao.8Sr02C003) in NiO thorough a sol-gel process. The electrochemical oxidation behavior of
Co and perovskites coated electrodes is similar to that of the bare NiO cathode. Co and
perovskite coatings on the surface decrease the dissolution of Ni into the melt and thereby
stabilize the cathode. Both, cobalt and provskites coated nickel oxide, show a higher polarization
compared to that of nickel oxide, which could be due to the reduced surface area. Cobalt
substituted lithium nickel oxide (LiNpgCo00202 ) and lithium cobalt oxide were aso studied.
LiNkCo1xO, was synthesized by solid-state reaction procedure using lithium nitrate, nickel
hydroxide and cobalt oxalate precursor. XRD analysis of sintered LiNikCo01.xO, indicated that
lithium evaporation occurs during heating. The lithium loss decreases with an increase of the
cobalt content in the mixed oxides. The stability studies showed that dissolution of nickel into
the molten carbonate melt is smaller in case of LiNkCo:1-xO, cathodes compared to the
dissolution values reported in literature for state-of-the-art NiO. Pore volume analysis of the
sintered electrode indicated a mean pore size of 3 mm and a porosity of 40%. EIS studies done on
LiNipsC00 20, cathodes under different gas conditions indicated that the rate of the cathodic
discharge reaction depends on the O, and the CO, partia pressures. The polarization
performance was comparable to that of nickel oxide.

Apart from studies on improving the cathode performance, the corrosion of the current
collector in the cathode side was aso studied. The corrosion characteristics of both SS304 and
SS304 coated with Co-Ni aloy were studied. Immersion tests performed on SS304 and Co-Ni
encapsulated SS304 indicated more chromium dissolution in case of SS304 than for Co-Ni
encapsulated SS304. SEM and EDAX analysis of the posttest SS304 indicated a loss of Cr from
the surface. XRD patterns of the corrosion scales showed the presence of lithium ferrite along
with LiFesOg in the case of SS304 and mixed lithium-cobalt-nickel-iron oxides in the case of Co-
Ni encapsulated SS304. Conductivity of the corrosion scale was higher in the case of Co-Ni
encapsulated SS304 when compared to SS304. This study confirms that surface modification of
SS304 leads to the formation of complex scales with better barrier properties and better
electronic conductivity at 650°C.

A three phase homogeneous model based on volume averaging was developed to
simulate the performance of the molten carbonate fuel cell cathode and the complete fuel cell.
The homogeneous model is based on volume averaging of different variables in the three phases
over a smal volume element. This approach can be used to model porous eectrodes as it
represents the real system much better than the conventional agglomerate model. Using the
homogeneous model the polarization characteristics of the MCFC cathode and fuel cell were
studied under different operating conditions. The effect of different parameters such as the
exchange current density, electrolyte conductivity, cathode thickness, and the diffusion
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coefficient on the performance of cathode was analyzed. The diffusion coefficients, electrolyte
conductivity and the exchange current density are all affected by changes in temperature. All of
them have an Arrhenius form of dependency on temperature. The activation energy and the
frequency factor for each of these parameters have been estimated by fitting the model to
experimental data of LiNiCoO, at different temperatures. Using these fitted parameters the
performance of NiO and LiCoO, cathodes has been studied. Exchange current density for
different materials was obtained by fitting the model to the experimental polarization data.
Hence, apart from qualitative analysis of the cathode behavior, the model can be used to extract
critical thermodynamic, kinetic and transport parameters from polarization data. The full cell
model was used © anayze the contribution of each of the cell components to losses in cell
potential. It was seen that ohmic losses in the cell dominated the cell polarization at low current
densities. With increasing applied current, polarization losses in the cathode increased and
became comparable to the ohmic losses in the separator. Finally, the power density of the cell
was determined as a function of various parameters.

18



EXPERIMENTAL

The following section contains the description of the preparation of the cathodes
materials, LiNKCo01.xO, cathode and cobalt coated nickel cathode, and the current collector
material, cobalt-nickel encapsulation of SS304. Following this preparation, a description of the
electrochemical and characterization techniques used to study the samples is presented. The
development of the model equationsis also described here. A schematic of the MCFC cell based
on the agglomerate model is given in Figure 1. The cell used for the experimental work and it's

schematic are shown in Figure 2 and Figure 3 respectively.
Development of Surface Modified Electrodes

Cobalt coated nickel cathode

Tape casting: - Porous nickel cathode was made by a tape casting and sintering process. Nickel
(Aldrich company) particles were ground and sieved to obtain uniform particles of size 3-5 nm.
The tape casting durry was prepared by ball milling nickel powder in water with suitable binder
(PVA) and plasticizer (glyceral). The ball milling was done in two steps. At the first step, 50 g of
nickel powder were added to 5 g of PVA (PVA liquid 15 wt.%) and 1 g of defoamer
(Airdefoam™ 60, Air Products). The ingredients were mixed thoroughly with 15 g of water and
the slurry was ball milled for 3 hr in order to break the weak agglomerates. Next, 9 g of glycerol
was added to the above suspension and the resulting slurry was ball milled for an additional 3 hr.
The durry was then dlightly warmed (50° C) and degassed using a ROTOVAP® evaporator. The
slurry was cooled and then cast using a doctor blade assembly over a glass plate coated with
slicone oil. The drying was performed slowly at room temperature for about 48 hours. The cast
plate nickel tape is then stripped off gently from the glass plate and stored.

Sntering: - Sintering of the tape casted electrodes influences the cathode pore structure ard
thereby affects its electrochemical performance. TGA was done to determine the optimum heat
treatment schedule for sintering. A typical TGA curve for green nickel tape is shown in Figure 4.
The as cast Ni tape was pre-heated at 120°C for 12 hours in order to remove all the crystalline
water in the tape. TGA anaysis was done by heating the sample from 100°C to 650°C at a rate
of 10°C/min. A steep reduction in weight (15 wt%) is seen on heating the sample to 200°C due

to the remova of the binder. A secondary weight loss (5 wt%) is noticed between 300°C to
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400°C due to the removal of plasticizer. The removal of al volatile and decomposable organic
matter is completed below 400°C. On heating the sample above 400°C oxidation of nickel
surface takes place. The total weight loss varies between 15 to 20wt.% depending upon the
binder and plasticizer contents in the green tapes. Since, Ni is oxidized beyond 400° C, it is
critical to heat the sample in a reducing atmosphere to prevent oxidation during sintering.
Further, the rate of heating should be very slow initially to ensure complete burn out of binder
and plasticizer. Based on the above TGA analysis, the following heating pattern was used - for
sintering the electrodes: (i) green tapes which were cut out to specific area (10 cm x 10 cm) were
initially heated from room temperature - to 130°C at a rate of 1°C/min in nitrogen atmosphere,
(i) in the second step the temperature was held at 130°C for 10 hours, (iii) next, the temperature
was raised to 230°C at arate of 1°C/min in nitrogen atmosphere, (iv) the temperature was held at
230°C for 2 hours, (v) next, the temperature was raised to 400°C at 1°C/min in nitrogen
atmosphere, (vi) next the temperature was maintained at 400°C for 2 hours, (vii) next, the
temperature was raised to 800°C at 1°C/min in hydrogen atmosphere, (viii) next, the temperature
was held at 800°C for 1 hour and (ix) finally, the sample was cooled to room temperature using
acooling rate of 1°C/min in hydrogen atmosphere.

Cobalt Coating: - Cobalt encapsulation on nickel tapes was carried out with moderate stirring in
20 g/l cobalt sulfate, 20 g/l sodium hypophosphite, 50 g/l sodium citrate and 40 g/l ammonium
chloride. In addition to these constituents, NH,OH was added periodically during deposition to
maintain the pH between 8.5 and 9.5. The pH frequently dropped below 9 during deposition
indicating that cobalt deposition was proceeding. The deposition was stopped once the pH
remained constant, indicating the absence of cobalt in the solution. The cobalt encapsulated
nickel tape was rinsed with deionized water, dried at 65°C for 4 hours and later sintered at 800°C
in air for 2 hours. This was done to remove al decomposable material, which could have been

incorporated into the Ni laminate during Co deposition.

Cobalt coated nickel powder electrodes
Electrodes Preparation: - Nickel (Aldrich company) particles were ground and sieved to obtain
uniform particles of size 3-5 nm. Then cobalt encapsulation on nickel particles was performed.

The cobalt encapsulation process followed was the same described in the previous section. After
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encapsulation, the same procedure of tape casting and sintering as in the previous section was
performed.

Lanthanum strontium cobalt oxide coated nickel oxide electrode

LapsS02C00; Coating:- Nickel oxide electrodes were prepared following the tape casting and
sintering procedure previously described. Lag gSro2CoOs precursor gel was prepared as follows.
Initially stoichiometric amounts of lanthanum acetate (5.488g), strontium acetate (0.8588g) and
cobalt acetate (4.9814g) were dissolved in DI water with constant stirring. Then, citric acid
(8.4056g), a complexing agent dissolved in DI water was added followed by the addition of
ethylene glycol (2.4828g). The pH of the solution was maintained between 8 and 9. The solution
was heated for 10 h at 80° C using a hot plate with constant stirring until it turned into a viscous
gel. Nickel electrodes of desired size were cut and dipped in the gel and dried in air for 1 h and
then dried in vacuum for 5 hours at 90 °C. The dipping was repeated severa times to have a
uniform coating. After drying, the electrodes were heat treated at different temperatures varying
from 300° to 900° C.

Development of Novel Electrode Material

Cobalt doped Lithium Nickel Oxide

Material synthesis: - Cobalt doped lithium nickel oxides were prepared using solid-state
synthesis procedure. Stoichiometric amounts of lithium nitrate (LiNOs), nickel hydroxide
(Ni(OH),) and cobalt oxaate (CoC,04.2H,0) obtained from Aldrich chemical company were
used as the starting precursors for the solid-state synthesis. The compounds were mixed
thoroughly and were heated in the presence of helium (regular grade, National Welders) first at

250°C for about 5 hours followed by heating at 630°C for 2 days. All the temperature ramps
were maintained at ’C/min. After the helium treatment, the samples were heated in oxygen
atmosphere at 800°C for 20 hours. Following this, the samples were finally heated in an
autoclave at 500 psi O, pressure at 700°C for 20 hours. Figure 5 shows the scanning electron
micrographs of synthesized LiNkCo01.xO.. As shown in Fig. 5, asignificant increase of LiNkCo;-

xOp particle size is observed with an increase of cobalt doping from x= 0.1 to x=0.2
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Sntering: - A typica TGA curve for green LiNKCo0,.xO> tape is shown in Figure 6. The cast
LiNKkCo1.xO, tape was pre-heated at 150°C for 12 hours in order to remove all the solvent in the
tape. TGA analysis was done by heating the sample from 100°C to 650°C at arate of 10°C/min.
A steep reduction in weight (12 wt%) is seen on heating the sample between 200 and 400°C due
to the removal of the binder and plasticizer. The remova of al volatile and decomposable
organic matter is completed below 400°C. The total weight loss varies between 13 to 15wt.%
depending upon the binder and plasticizer contents in the green tapes. Figure 7 shows the
scanning electron micrographs of LiNpgCo020, tapes sintered at 750°C, 800°C, 850°C and
900°C. Tapes sintered at 800°C showed better pore structure. Based on the above TGA and SEM
analysis, the following heating pattern was used - for sintering the electrodes. (i) green tapes
which were cut out to specific area (10 cm x 10 cm) were initially heated from room temperature
to 150°C at arate of 1°C/minin air, (ii) in the second step the temperature was held at 150°C for
10 hours, (iii) next, the temperature was raised to 400°C at arate of 1°C/min in air, (iv) next, the
temperature was held at 400°C for 3 hours, (v) next, the temperature was raised to 800°C at
1°C/min in air, (vi) next, the temperature was held at 800°C for 1 hour and (vii) finally, the

sample was cooled to room temperature using a cooling rate of 1°C/min.

Current Collector
Nickel-Cobalt coating:- Electrodes of area 1 cnf were made from a perforated stainless steel 304

(Perforated Metals Inc.), with a void area of 45%. The electrodes were cleaned with akali and
washed in distilled water before the characterization studies in order to be free of any
contaminants. Co-Ni encapsulation on SS304 electrodes was carried out using a procedure
developed in our laboratories [26]. Cobalt and Nickel encapsulation was carried out with
moderate stirring in a solution at 90°C containing 30 g/L cobalt chloride, 30 g/L nickel chloride,
100 g/L sodium citrate, and 50 g/L ammonium chloride. In addition to these constituents,
NH;OH and NaOH were added periodically during deposition to maintain the pH between 8.5
and 9.5. The pH frequently dropped below 9 during deposition indicating that cobalt and nickel
deposition was proceeding. The deposition was stopped once the pH remained constant,
indicating the absence of cobalt and nickel in the solution. The Co-Ni encapsulated SS304 was
rinsed with deionized water, dried at 65°C for 4 hours.
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Electrodes Characterization
Oxidation Sudies:- In-situ oxidation of bare and surface modified SS 304 electrodes were

studied using a three-electrode set- up. Square electrodes (1 cm x 1 cm) cut from bare and surface
modified SS304 were spot welded with a gold wire and were used as working electrodes. Gold
was used as a counter electrode while Au/(2C0O,+10;,) served as a reference electrode. The
reference gas flow rate was maintained at 10 cc/min. Oxidant gas with a composition of 30%
CO, and 70% air (National Welders) was directly purged into the (Lio.62K0.38)2CO3 eutectic melt
through an alumina tube. The open circuit potential studies were performed using an EG& G
PAR model 273A mtentiostat interfaced with a computer. The oxidation behavior was also
studied by using cyclic voltammetry method.

Pot cell studies: - In order to determine the solubility of the protective coatings and the new
electrode materials in molten carbonate, pot tests were carried out under cathode gas conditions.
Pellet electrodes of 2.5 cm diameter were cut out from sintered cathodes and current collector.
They were weighed and carefully dropped inside an alumina crucible containing 100 g of molten
carbonate (Li»CO3/K2C0O3=62/38) at 650°C. Cathode gas (30% CO./70% air) was bubbled
through the carbonate melt using alumina tubes. About 0.2 g of molten carbonate was taken from
the melt approximately every 6 hours upto 200 hours using an aumina rod. The molten
carbonate sample was dissolved in 10% dilute acetic acid. Atomic absorption spectroscopy was
used to analyze the concentration of dissolved nickel and cobalt.

Electrochemical and Material Characterization: - Half-cell performance studies were done in a
3-cr-lab cell shown in Figures 2 and 3. LiNipgCog20,, cobalt coated nickel electrode and
cobalt-nickel coated SS304 were used both as the working and counter electrodes.
(Lio.62K038)2CO3 eutectic embedded in a LiIAIO, matrix was used as the electrolyte. Polarization
studies were done using an oxidant gas composition of 70% air and 30% CO,. An oxygen
reference electrode (Au/CO2/O,) connected to the electrolyte tile with a sat bridge
(50%(Lio.62K 038)2COs + 50%LIiAIO,) were used to monitor the polarization of the cathode.
Electrochemical impedance spectroscopic studies were performed using a Mode 1255
Schlumberger Frequency Analyzer. The electrode was stable during the experiments and its
open circuit potential changed less than 1 mV. The impedance data generaly covered a
frequency range of 1 mHz to 100kHz. A sinusoidal ac voltage signal varying by = 5 mV was
applied in al cases. X-ray diffraction (XRD) was used to study the crystal structure of the
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samples. Mercury porosimeter was used to characterize the pore-volume distribution of the
sintered cathodes. Scanning electron microscope (SEM) was used to study the microstructure of
the electrodes from 3 cnf cells. Energy dispersive spectroscopy (EDAX) was employed to

investigate the composition of the electrodes in the presence of cathode gas conditions.

Cathode Model
Development of Theoretical Model

In the molten carbonate fuel cell, oxygen and CO, combine a the cathode to form
carbonate ions. At the anode hydrogen combines with the carborete ions from the cathode to
form CO, and water. The net reaction results in the formation of water with no harmful side
reactions. The system of interest to us is the cathode where reduction of oxygen occurs. In order
to overcome the difficulties associated with the agglomerate approach, we start by considering a
cross-section of the porous electrode as shown in Fig. 8. No difference is made between the
macropores and micropores while deriving the model equations. The primary reaction in the
MCFC cathode is oxygen reduction, which is given by:

10,+C0O, +2¢" ® COZ (1)

The above reaction occurs at the interface between the NiO particle and the eectrolyte. We
neglect any changes in the concentration of the carbonate ions and assume that the concentration
of the electrolyte does not change. Further, we assume that the system is at steady state and
neglect any changes in cathode due to corrosion. Finally, we neglect changes in temperature in
the cathode. Based on these assumptiors we next derive the volume-averaged equations
describing transport and reaction in the MCFC cathode.

Concepts and Definitions of Volume Averaging:

In this section, equations are derived for a porous electrode consisting of three phases:
solid, liquid and gas. Following De Vidts [38,39] we consider a small elemental volume V. This
volume should be small compared to the overal dimensions of the porous electrode. But it
should be large enough to contain all three phases (see Figure 8). Also it should result in
meaningful local average properties. This volume is so chosen that adding pores around this
volume does not result in a change in the local average properties. We avoid the bimodal pore
distribution where we consider macropores to be filled with the gas and micropores to be
occupied by the eectrolyte. Rather pores of al sizes are filled with both the electrolyte and the
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gas, which is more redlistic. Some basic definitions of volume averaging have to be presented

before understanding the development of the model equations.
Superficial volume average y and the intrinsic volume average {y ) are defined as

y e gy av @

Vi)
<V>")°—ovdV €)
Voo Viiy
Here the superscript i represents the phase. The superficial and intrinsic volume averages are
related by the porosity.

—(i) i i
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Whenever volume averages of the gradients and the divergence appear they should be replaced

by the gradients and divergence of the volume averages as below. These are referred to as the

theorem of the local volume average of the gradient and the divergence [43,44].
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Mass transport equations:

Mass transport occurs in the liquid and gas phases. Both oxygen and carbon dioxide gas
are fed to the MCFC cathode through the current collector. Both O, and CO» diffuse through the
macropores in the cathode and are transferred by diffusion in the melt to the surface of the NiO

particles. The material balance in the liquid and gas phases for any speciesi is given by

i 0 ,
—— +NxN'/ = =
Tt =0 I =CO,,0, @
(9)
™ +RNxN©@ =0
Tt ' (©))

There are no bulk reactions. All reactions are assumed to take place at the electrolyte-electrode

interface. This is denoted by the normal vector ng in Fig. 8. Gas diffuses into the electrolyte at
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the normal interface n) and reacts at the interface of the electrolyte with the solid catalyst
particles, ngy. Hence the homogeneous reaction rate is neglected. Fick’s law gives molar flux in
the liquid and gas phases.

N =- DU+ ©)

Binary diffusion is assumed in the gas phase. For a binary system j(A), defined as the mass flux

relative to the mass average velocity, is given by [39]
Sy == 7 My Mig)DiagN (10)

where A refersto O, and B refersto CO».

The relation between J(éA) (molar flux relative to molar average velocity), j(éA) (mass flux relative

to molar average velocity) and j( A for abinary systemis given by

o = Ly
A
M4 (11)
2 _ M
Yy = M Jn) (12)

The relation betweenN () (molar flux with respect to a fixed frame of reference) and J(i)

Iy =Ny = GV (13)
When convection is neglected

Ny = J;“A) (14)
Hence

Niay = - CaeNXi) (15)

C A

= (19)

A ~ ~
N(A) =%D(AB)NC- D(AB)NC(A) (17)

In genera for a binary gas the flux is given by,
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Using the definitions of volume averaging we obtain the volume averaged flux in both phases as,

N = D) (e('))b'lﬁl(e(') <c>(')) (19)

(9)
NI =Dl (e) " R e (c)?) + D (el9)” S (g) N(e(e)”) (0

(&)

Volume averaging Egns. 7 and 8 and substituting the above definitions in Egns. 19 and 20 gives

the following volume averaged mass balance equations,

ﬂL+NxN<>+F.”-R'S=o (21)
Tt

'"C_'+Nx|\|<> _R® 22)
Tt

—=(9) o

where F; ,Rasand_Rgs are al terms derived from jump balance analysis which has been

(I9)

discussed in detail by De Vidts and White [38]. Fi  istheflux of speciesi from the liquid to the

gas phase, ﬁ!s the rate of heterogeneous reaction at the liquid solid interface and R”at the gas

solid interface.

FUY = glalg (o) 23

(9 = (9 §Q> >(g)i (24)
Ke, 2
where for any species i, k; is the mass transfer coefficient and Ke; is the distribution coefficient.
Rate of production of species i at the solid liquid interface is expressed in terms of the local
current density. Butler-Volmer kinetics is assumed for the reaction at the electrode electrolyte

interface.

<ij. > (25)
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Here < j, > 1 s the local current density at the solid liquid interface and i, and i°are the
concentration dependent and concentration independent exchange current densities respectively

[45]. The anodic and cathodic reaction orders p1, p and qi1, ¢ have values of -2, 0, -1, 1/2
respectively.

i =10 (P, ) (P5,)" (27)
wherer; and r, have a value of —1.25 and 0.375 respectively for the peroxide mechanism. These
values will be different for other mechanisms [29]. At the gas solid interface there is no reaction.

Hence,

R™ =0 28)
Charge transfer equations:
Since we neglect any changes in the concentration of COZ , the effect of migration need

not be considered. Hence, Ohms' law is valid in both the solid and liquid phases.

i) =-kRf (29)

i =-sRif © (30)
Volume averaging the current in the solid and liquid phases results in the following equations.
0 (e('))d'l N(e('> ( >(|)) (31)

I_(S) =-g (e(s) )d_l N (e(s) <f >(5)) (32)

The condition of electroneutrality applies everywhere within the electrode. This means that the

net sum of the solution and solid phase currents should be constant.
R+ =0 (33)
Further, any current leaving the solid phase has to enter the liquid phase through the

electrochemical reaction. Applying a balance on the solution phase current gives,
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N >i_(|) :a(s)<jk>(9) (34)
In the above equation the gradient in the solution phase current is proportional to the reaction
rate at the solid- liquid interface. Substituting Eg. 34 into Eqg. 33 we have,

N >1'_(S) —_ gl < jk>(5') (35)

Next, we define the overpotential as (f )= (f ) - (f ). Combining Eqns. 31 — 35 and using the

definition for overpotential resultsin,

s (et 1 - (36)

Governing equations:

Combining the above set of equation, assuming steady state, and introducing the
dimensionless variables we arrive at the following governing model equations.
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The following dimensionless variables have been used in arriving at these equations.

() (9)
o) = <C>i ul9 = <C>ig

G O
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Since we consider the transport of G and CO, in the liquid and gas phases, we have five
governing equations - four transport equations (Eq. 37 and 38) and one equation for the
polarization (Eg. 39). We assume the problem is one-dimensional and neglect any changes in
planes perpendicular to the x axis.

Boundary conditions:

Since, the gases are fed at the current collector side of the cathode, in the gas phase the
concentrations are equal to the inlet concentration. In the solution phase, the concentrations are
given by Henry’'s law. At the electrolyte tile (matrix) side the flux of all species is equd to zero.
Also al the current is carried by the ions at the matrix end and by electrons at the current

collector end. Based on these conditions the boundary condition at the current collector is given

by,

<C.>(|) =<C,>(I)*,<C,>(Q)=<C|>(g)*,ﬂ<f>=- ! _ a x=0 (40)
* o (e(S))
At the matrix (x=L)
0
1{e)” _o
x
Nkbaal AR N ACTRCILA
( ) g‘ﬂx( ) <E>&(E () )é_ 0, (41)
)
x k(eo))"
Expressing them in terms of the dimensionless variables
Ui(l):lui(g) lT“:<f >*/ all = L di a x =0 (42)
X S(e<s)) RT
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Based on these equations the following dimensionless groups can be written
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List of Parameters

The parameters used in the model are given in Table I. Gas phase diffusion coefficients
were estimated using the Fuller correlation [46]. It can also be estimated using the Chapman
Enskong equation. According to the Fuller correlation

10T (1/ Mgy +1/M, )
D= 4 13 1/3 32
o) (%)

The diffusion volumes have been listed by Cusser [46] as V, =26.9 and V, =16.6. At 923K

(47)

and 1 atm the binary diffusion coefficient has been estimated as 1.16 cnf/s.

Electrochemica half-cells (3 cnf) were assembled using two identical LiNiCoO,
cathodes in an aumina housing. The electrodes were prepared by tape casting followed by
sintering at around 900° C. The two electrodes were separated by a LiAlO, matrix impregnated

with a eutectic mixture of 62:38 mol% Li,CO3z and K>,COs. Gold wire inserted in an aumina tube
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served as areference electrode in 33:66 O,:CO, atmosphere. The working temperature of 650° C
was reached in a programmed manner in about 50 hrs. Gas mixture comprising N2, O, and CO,
was passed at both working and the counter electrodes. The polarization is measured for different
applied currents using the current interrupt technique and is corrected to get the IR-free
polarization.

Full Cell Model
Devel opment of Theoretical Model

A schematic of the molten carbonate fuel cell modeled is shown in Fig. 9. CO, and O

enter the cathode, where CO; is reduced to CO§' . Hx enters the anode (along with a little amount

of CO, to improve wetting of the electrode by the electrolyte) where COZ s oxidized to give

back CO;. Our full cell model extends the volume averaging approach we had used for the
MCFC cathode to the anode and matrix regions.

De Vidts [39] presents a detailed development of model equations for porous electrodes
based on volume averaging, which has been adopted here. In this study we just present the
governing equations along with the boundary conditions in each of the cathode, anode and the
matrix and their interfaces. Since the potential and the concentration vary significantly along the
thickness of the fuel cell a one dimensiona model is assumed. Further, we do not consider

corrosion of the cathode and current collectors and assume that the system is under steady state.

Equations at the current collector cathode interface (x = 0):
CO,; and O, enter at the cathode side. The concentrations are equal to the inlet
concentrations and the current is carried entirely by the electrons.

\( \()
=1u% =15 (el )d %:4 K (el )d %:0 wherei=CO,,0,  (49)
X X

Equations within the cathode region (from x = 0to X = X3):

a(lg)kUg)

s g S ) g e

Ic

(49)
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(50)
The following dimensionless variables have been used in arriving at these equations.
0
" _ <C>i,k (9) — <C>| k
Uik = 0 » Ui
<C>i,k <C>| k

where, i =CO,,0, and < j, > > is the local current density at the solid liquid interface in the

cathode given by the Butler Volmer expression.

Te ><(:)>§“9c ) I D Eeqc)g
TRt VR Y T S C
)¢ a0 R0 ) g
R COER I A b

(o), =1 (P, ) (o, ) (52
(io)cand ig, are the concentration dependent and concentration independent exchange current

densities respectively. The anodic and cathodic reaction orders p1 ¢, p2c ad Oic, g c have values
of =2, 0, -1, 1/2 respectively. The reaction orders ric and ra have a value of —1.25 and 0.375
respectively for the peroxide mechanism [45]. These values will be different for other
mechanisms. The charge balance gives the following equations for solid and liquid phase
potentials.
rEy g (G
™ g (e(s))d ’

(53)

2 /¢ \(1) (
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Equations at the cathode matrix interface (x=x1):

In the matrix there are no species other than the electrolyte present due to the assumption
of zero gas crossover. This is a valid assumption since the allowable gas leakage is below 2% to
avoid cdl falure. So the flux of al species is zero at the cathode-matrix interface. The liquid

phase current is equal to the total current since the current is entirely carried by the ions.

"
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(55)
where again i=CQO,,0,.
Equations within the matrix (from x=x; to X=xy):

There are no mass transport equations necessary in the matrix due to the assumption that
there are is no crossover from one electrode to the other. There is no solid phase potential and the
gradient in the liquid phase potential remains constant (i.e. the liquid phase current is equal to the
total current). Hence

k (e0)" M =0 (56)

X
The correction used for the conductivity, ds is different from the correction d used in the
electrodes, which will be explained later.
Equations at the matrix anode interface (x=x»):

The flux of all species is zero at the matrix-anode interface due to the assumption of no
gas crossover. The liquid phase current is equal to the total current similar to the cathode- matrix

interface.
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where i=CO,,H,
Equations within the anode (from x = X, tox = L):
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where 1 =CO,,H, and < |, > s the local current density at the solid liquid interface in the

anode given by
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In the anode the mechanism adopted by Lu and Selman is considered [47]. For this mechanism
Pra, P2a @d 014, Gpa have values of 0, 1/2, 1, -1/2 respectively. r1 5 and ro4 have a value of 0.25

each. The governing equations for solid and liquid phase potentials are similar to the cathode.

G <f >(S) a(CSI) ()
= 62
i s (o) {ia) ©
2 f (1 (sl) .
ﬂ < > - ac <Ja>(§) (63)

x? K (egs) )"
Equations at the anode current collector interface (x=L):

CO, and H, enter at the anode. The concentrations are equal to the inlet concentrations

and the current is carried entirely by the electrons similar to the cathode-current collector

interface

\(9 ()
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where again i=CO,, H,
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RESULTSAND DISCUSSION

Surface Modified Electrodes

Cobalt coated nickel cathode

Scanning Electron Micrograph: - Figure 10 shows the SEM images of Ni and cobalt
encapsulated nickel electrodes prepared by the above sintering procedure. Cobalt
microencapsulation leads to the formation of amorphous layers of cobalt over the entire
microstructure of nickel tape. On heating the sample to 800°C, the volatile substances included
during the cobalt microencapsulation process decomposed giving rise to a porous Co-Ni
composite electrode. The primary particle size according to Figure 10 for nickel electrodes was
in the range of 0.5 — 4 nm. Subsequent to Co encapsulation and sintering in air, the particles tend
to agglomerate together. Detailed pore volume distribution analysis needs to be carried out to
comment on the actual porosity and pore size distribution. The morphologica difference
between nickel and cobalt-encapsulated nickel can be attributed to the cobalt deposited over the

nickel surface and the additional sintering done on the sample.

Vicker’s hardness test: - The MCFC cathodes are typically nickel tapes prepared by either tape
casting or loose powder sintering process followed by sintered in hydrogen atmosphere so as to
keep it from oxidizing. The nickel tape is then in-situ oxidized in the molten carbonate under
cathode gas conditions to form NiO. In-situ oxidizing is believed to be beneficial in terms of
improved hardness and the pore structure of the substrate. Cobalt encapsulated cathodes were
prepared using ex-situ oxidation and therefore have to be characterized for hardness. A Vickers
hardness indenter (Figure 11) was used to indent the cobalt encapsulated and bare nickel tapes
with a diamond tip. The physical deformation that happened during the indendation process was
observed under a microscope and the dimensions of the depression was marked. Vickers harness
number (VHN) [48] is calculated based on the observations made on the indent using the
formula

2P . a
VHN = —sdn( —
d? n(z)
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where - d is the diagonal length left by the diamond shaped pyramid indenter. The angle between
the phases of the pyramid is a=136°. P is the load used in kilograms and the units of d are in
millimeters. VHN was calculated for the Ni sintered under H, atmosphere (9.646 x 10® kg/mn)
and cobalt coated nickel sintered in air cathodes (1.678 x 10° kg/mn?). Cobalt coated nickel
cathode shows a higher VHN vaue than for nickel cathode indicating that the Co coating

improves the hardness of the Ni tapes.

Sability tests: - The short-term stability of cobalt encapsulated and bare nickel in molten
carbonate eutectic were determined using pot tests. Atomic absorption (AA) was used to analyze
the dissolved nickel and cobalt in the melt. Figure 12 shows the results of AA anaysis on the
amount of dissolved nickel and cobalt in the carbonate melt as a function of time. As shown in
the plot, the rate of dissolution of NP* was significantly higher in case of bare nickel when
compared to that of cobalt microencapsulated nickel. Solubility of cobalt was about one order of
magnitude smaller than that of nickel. The results indicate that cobalt is more resistive to the
molten carbonate environment. The amount of nickel and cobalt cation in the carbonate melt
increases with time and saturates after about 100 hours. Similar results have been obtained in the
literature for the solubility of NP* and Co®* ions in the carbonate melt [49-53]. The results
indicated that cobalt coating increases the barrier properties of the cathode and thereby decreases

the dissolution of nickd in the melt.

Thermal oxidation behavior: - In order to study the performarce of the sintered electrodes under
cathode gas conditions, TGA was done on the sintered nickel and cobalt encapsulated nickel

tapes. The temperature was increased from 100°C to 650°C at a rate of 10°C/min under cathode
gas atmosphere (30% CO,+70% air). The temperature was then maintained at 650°C for a period
of two hours. Figure 13 shows the results of TGA analysis obtained for nickel tapes in the
presence and absence of molten carbonate. The percentage increase in weight while heating the
sample was plotted against the experiment time. The time interval between 0 and 55 minutes
corresponds to a temperature rise from 100°C to 650°C at a heating rate of 10°C/min. The time
interval after 55 min corresponds to the period where the temperature was maintained constant at
650°C. As shown in Fig. 133, the weight of nickel sample in the absence of molten carbonate

starts to increase after 40 min corresponding to a temperature of 400°C and stabilizes after about
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2 hours at 650°C. On the other hand, the oxidation of nickel was rapid in case of nickel sample
placed with molten carbonate salt in the presence of cathode gas. It appears that O, permeation
and reaction with inner nickel particles is enhanced in the presence of molten carbonate. The
weight increase in both the cases was about 27%, which suggests the complete conversion of Ni
to NiO.

Oxidation of cobalt-coated nickel was very sow in the absence of molten carbonate and
the oxidation continued even after two hours after reaching 650°C as shown in Figure 13b.
Theoretical weight increase for the conversion of Ni and Co to their oxides (NiO/CoO) based on
stochiometric calculation is around 27%. In the presence of molten carbonate, weight of the
cobalt encapsulated substrate continued to increase due to oxidation and stabilized shortly after
reaching 650°C. The percentage increase in weight was around 22 %. However, the actua
weight increase is much lower in the absence of the carbonate melt (60 % lower than with the
presence of molten carbonate). This slow oxidation of cobalt encapsulated nickel specimen is
obviously due to the presence of cobalt, which is thermodynamically more stable.

Electrochemical oxidation behavior: - To understand the influence of cobalt encapsulation on
nickel electrode from an electrochemical point of view, the opentcircuit potentials of both
samples were monitored as a function of time during the in-situ oxidation process. Cobalt coated
sample which was sintered in air was used for this study. The oxidation was carried out in a
three-electrode half-cell described in the experimental section. Oxidant gas composition of 67%
CO, and 33% O, was bubbled at a constant rate of 60 cn/min through an alumina tube during
the in-situ oxidation process. Figure 14 compares the OCP behavior of bare and cobalt
encapsulated nickel electrodes as a function of immersion time.

In both cases, three different potential plateaus are observed which can be attributed to

the following reactions [53,54]

Ni+CQ,” ® NiO+CO, +2¢ -0.80V
2Ni +3C0,” ® Ni,CO, +3CO, +2¢ -0.43V
Ni+CQO,” ® NiCO, +2¢ -0.25V

The first plateau in case of nickel oxidation is due to the formation of porous nickel oxide
on the surface of the nickel matrix. Next, bulk nickel is oxidized to NiO at approximately 0.6 V.

39



The second plateau a —0.44 V has been attributed to the surface oxidation of Ni(ll) oxide to
trivalent nickel.
The redox processes that occur during the in-situ oxidation of cobalt correspond to:

[54,55].
Co+CQ,” ® CoO+CO, +2¢ -0.85V

2C0+4C0O,” ® Co,0, +4CO, +8¢ -0.68V

Co+CQ,” ® CoCQ, +2¢ -0.35V

In the case of Co coated Ni, one can expect a solid solution of Co and Ni to be formed whose

OCP isamixed potential corresponding to oxidation of both Co and Ni.

Polarization studies: -Polarization studies were carried out in a three electrode 3 cnf lab scale
cell containing nickel/cobalt encapsulated nickel electrodes both as the working and counter
electrodes. Gold (oxygen reduction) served as a reference electrode. The electrodes were
separated by a LiAIO, ceramic tile containing Li/K carbonate melt (62-38mol%). The cell is
connected to a gold/oxygen reference electrode through a salt bridge. The polarization
characteristics of NiO and Co-NiO cathodes were obtained by varying the current load. Figure
15 (a and b) compares the cathode polarization during the galvanodynamic scan for the two
cathode materials as a function of different operating temperatures. The current was scanned at 1
mA/sec and the curves have been corrected for IR loss based on Ry calculated from impedance
measurements (not shown).

The th characteristics (Fig. 15a and 15b) of both NiO and Co coated NiO are similar to
each other indicating the charge transfer at lower overpotentials and in the case of Co coated NiO
a complex mass transfer and charge transfer limited process at higher overpotentials. Increasing
the temperature has larger influence on the polarization in case of NiO (Fig. 15a). The observed
overpotentials h decrease with increasing the temperature indicating a decrease of both the
polarization and diffusion overpotentials (for the case of the cobalt coated NiO) with an increase
of temperature. Similar results were observed in literature [56,57].

As shown in Fig. 15 b similar results were also observed in case of Co encapsulated
NiO. On increasing the temperature, there is a dignificant change in the overpotential

characteristics of Co-NiO. The observed small decrease of the overpotential when compared



with the NiO overpotential probably results from a small decrease of surface area of the
encapsulated active material. .

Reaction rate orders were obtained by performing a regression analysis of the exchange
current density data obtained from iV plots under low current load (i £ 10 mA/cnt). Figure 16
shows the +V plots obtained for the case of Co-NiO under different gas conditions. Similar
studies were carried out at different temperatures and for NiO under similar conditions. The

slope of the linear part of i-V curve was used to calculate the apparent exchange density based on

the expression i, = where, R is the universal gas constant, T is the cell temperature, F is

o
the Faraday’s constant and Ry is the slope of the +V response. Exchange current density was
estimated as a function of gas composition for Co-NiO electrode from +V plots obtained at low
overpotentials. Figures 17a and 17b show a plot of exchange current density as a function of O,
and CO», partial pressures, respectively. The slope of 1og(i,) dependence with log(pO,) is positive
indicating a positive reaction order for O,. While in the case of log(i,) dependence vs. log(pCOy),
a negative slope is observed indicating a negative reaction order for CO,. The range of values of
exchange current density calculated for Co-NiO varied from 14.2 to 16.1 mA/cnf. The apparent
exchange current density calculated using the same method for the case of NiO varied between
29-31 mA/cnt. The exchange current density data offers qualitative evidence for the observed
difference in polarization performance in case of Co encapsulated and bare NiO because the +V
plots used to analyze the system may contain mass transfer limitations even at low current loads.
Thus, exchange current density data offer only a qualitative evidence for the observed difference
in polarization performance in case of Co encapsulated and bare NiO. The log plots shown in
Figures 17a and 17b were not perfectly linear implying the presence of more than one reaction
mechanism. For this reason, we have not attempted to identify the observed kinetics with any

particular mechanism.

Electrochemical Impedance Spectroscopy (EIS) studies: - In order to understand further the
kinetics of oxygen reduction on Co-NiO, impedance measurements were carried out at different
gas compositions. EIS analysis was carried out at equilibrium potential (open circuit) on the NiO
and Co-NiO €electrodes. Figure 18 shows the impedance analysis of NiO electrode at different

temperatures at a particular gas composition. The impedance response at any given temperature
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is characterized by the presence of high frequency loop and an extension at low frequencies. The
high frequency plot has been associated with the charge transfer processes while the low
frequency loop to a slow process (mass transfer or low homogeneous reactions). The impedance
response shown in Fig. 18 is similar in appearance to the ones obtained by Yuh et al. [56,57]
under similar conditions. As shown in Figure 18, the cell temperature has a marked effect on the
ac impedance. Increasing the temperature, a drastic decrease is observed in Fig. 18 of charge
transfer resistance, which in agreement with the results obtained from polarization studies.
Figures 19a and 19b show the impedance response of Co-NiO electrode as a function of
different gas compositions at two different temperatures. The impedance responses appear
differently in case of Co-NiO when compared to those of NiO. The two distinct loops occurring
at high and low frequencies in the case of NiO appear to be merged with each other in case of
Co-NiO. The effect of temperature clearly shows that the observed depressed semi circle loop
includes both the charge transfer and mass transfer phenomenon. At higher temperature, the total
impedance as acquired from the Nyquist plots decreases suggesting that the observed effect
could well be assumed as a combination of mass transfer and charge transfer. From Figures 19a
and 17b, it can also be seen that the effect of partial pressure of O, and CO, are antagonistic to
each other. The magnitude of the impedance loop decreased on increasing the O, partia
pressure. This clearly indicates a positive reaction order for oxygen and is similar to the response
seen for NiO [57]. In case of COz, the impedance value increased with an increase in CO, partia
pressures implying that the reaction order of CO, must be negative. Yuh et al. [57] obtained

similar results for NiO in terms of O, and CO, dependence on impedance responses.

Post test characterization: - EDAX analysis was carried out to characterize the cobalt content in
the cobalt encapsulated cathodes after 72 hours and 300 hours of polarization. EDAX patterns
were identical in both cases. The concentration calculations based on the intensity peaks show
that the cobalt and nickel concentration remain the same. The rate of dissolution was
comparatively lower in case of Co-NiO when compared to that of NiO as shown in Figure 12.
X-ray diffraction (XRD) studies were carried out on posttest Ni and Co-NiO cathode samples to
identify the changes due to interaction in molten carbonate. Figure 20 shows the XRD pattern of
nickel and cobat coated nickel cathodes treated in molten carbonate under cathode gas
conditions for a period of 300 hours. XRD pattern of Ni tape is characterized by peaks
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corresponding to NiO, while that of Co-NiO shows a different pattern due to the presence of

mixed oxides.

Cobalt coated nickel powder electrodes

Scanning Electron Micrograph: - Figure 21 shows the SEM images if cobalt encapsulated nickel
powder electrodes prepared by the above sintering procedure. The primary particle size
according to Figure 21 for nickel electrodes was in the range of 0.5 — 4 nm. Detailed pore
volume distribution analysis needs to be carried out to comment on the actual porosity and pore
size distribution. The morphological difference between nickel and cobalt-encapsulated nickel
can be attributed to the cobalt deposited over the nickel surface.

Sability tests: - The short-term stability of cobalt encapsulated nickel powder and bare nickel in
molten carbonate eutectic were determined using pot tests. Atomic absorption spectroscopy (AA)
was used to analyze the dissolved nickel in the melt. Figure 22 shows the results of AA analysis
on the amount of dissolved nickel in the carbonate melt as a function of time. As shown in the
plot, the rate of dissolution of N#* was significantly higher in case of bare nickel when
compared to that of cobalt microencapsulated nickel powder. The amount of nickel in the
carbonate melt increases with time and stays stable at 11 x 10°® Ni mole fraction after about 100
hours. Similar results have been obtained in the literature for the solubility of N?* and Co®* ions
in the carbonate melt [49-53]. The results indicated that 4 wt% cobalt coating increases the

barrier properties of the cathode and thereby decreases the dissolution of nickel in the melt.

Polarization studies: -Polarization studies were carried out in a three electrode 3 cn? lab scale
cell containing cobalt encapsulated nickel powder electrodes both as the working and counter
electrodes. Gold (oxygen reduction) served as a reference electrode. The electrodes were
separated by a LiAIO, ceramic tile containing Li/K carbonate melt (62-38mol%). The cdl is
connected to a gold/oxygen reference electrode through a salt bridge. The polarization
characteristics Co-NiO cathode was obtained by varying the current load. Figure 23 compares
the cathode polarization during the galvanodynamic scan for the cathode material at 650 °C. The
current was scanned at 1 mA/sec and the curves have been corrected for IR loss based on Ry

calculated from impedance measurements (not shown). As can be observed from the plot, the



electrode polarization at 160 mA/cnt shows an overpotential of 90 mV, similar to the observed
with cobalt coated nickel cathodes.

Electrochemical Impedance Spectroscopy (EIS) studies. - In order to understand further the
kinetics of oxygen reduction on Co coated nickel powder, impedance measurements were carried
out at different gas compositions. EIS analysis was carried out at equilibrium potential The
impedance response at any given temperature is characterized by the presence of high frequency
loop and an extension at low frequencies. The high frequency plot has been associated with the
charge transfer processes while the low frequency loop to a Slow process (mass transfer or slow
homogeneous reactions). The impedance response shown in Fig. 24 is similar in appearance to
the ones obtained by Yuh et al. [56,57] under similar conditions.

The magnitude of the impedance loop decreased on increasing the & partial pressure. This
clearly indicates a positive reaction order for oxygen and is smilar to the response seen for NiO
[57]. In case of CO,, the impedance value increased with an increase in CO, partial pressures
implying that the reaction order of CO, must be negative. Yuh et al. [57] obtained similar results

for NiO in terms of O, and CO, dependence on impedance responses.

Lanthanum strontium cobalt oxide coated nickel oxide electrode

Scanning Electron Micrograph: - Figure 25 shows the SEM images of Ni and L SC coated nickel
electrodes prepared by the above said procedure. The primary particle size according to Figure
25 for nickel electrodes was in the range of 1.00 — 6.80 nm. Subsequent to LSC coating and
sintering in air, the particles tend to agglomerate together. The LSC coated NiO had a good pore
structure. However, detailed pore volume distribution analysis needs to be carried out to
comment on the actual porosity and pore size distribution. The morphological difference
between nickel and LSC coated nickel can be attributed to the LSC coating on nickel surface
followed by sintering. No change is observed in the surface morphology of LSC coated NiO and

LSC-NiO after immersion in molten carbonate for 200 hours.

X-Ray diffraction analysis: Figures 26 and 27 show the XRD pattern obtained on the L SC coated
samples. Figure 26 shows the XRD patterns of LaggSro2CoO3 powders obtained from the gel
after heat treatment in different temperatures ranging between 300 °C and 900 °C. It is clearly



seen that the compound formation starts only at 500 °C and crystalline product could be obtained
at 900 °C. The Lag gSro2C0o0; formation onto the nickel electrodes was confirmed by matching
the individual peaks. Figure 27 shows the XRD pattern of LSC coated NiO sintered at 900° C.
Individual peaks correspond to Lag §Sro2Co0; and NiO are marked in the figure.

Sability tests: - The short-term stability of LSC-NiO and bare nickel in molten carbonate
eutectic were determined using pot tests. Atomic absorption spectroscopy (AAS) was used to
analyze the dissolved nickel and cobalt in the melt. From AAS we obtain the nickel ppm present
in the solution of molten carbonate. Figure 28 shows the results of AA analysis on the amount of
dissolved nickel and cobalt in the carbonate melt as a function of time. As shown in the plot, the
solubility of N#* from bare nickel was higher when compared to that of LSC-NiO. The results
indicate that LSC coating increases the stability of conventional NiO cathode molten carbonate
environment. The amount of nickel increases with time and saturates after about 100 hours.
Similar results have been obtained in the literature for the solubility of N?* ions in the carbonate
melt [42,49-50]. Short-term stability test result shows that Lag sSrp2CoOs coating could prevent

the nickd dissolution in the molten alkali carbonate melt.

Polarization studies: -Polarization studies were carried out in a three electrode 3 cn? lab scale
cell containing nickel/cobalt encapsulated nickel electrodes both as the working and counter
electrodes and with gold (oxygen reduction) reference electrode. The electrodes were separated
by a LIAIO, ceramic tile containing Li/K carbonate melt (62-38). The cells are connected to a
gold/oxygen reference electrode through a sat bridge. The working electrode potential is
monitored with respect to the reference electrode. The polarization characteristics of NiO and
LSC-NiO cathodes were obtained by varying the current load. Figures 29a and Figure 29b
compare the cathode polarization during the galvanodynamic scan for the two cathode materials
as a function of different operating temperatures. The current was scanned at 1 mA/sec and the
curves have been corrected for IR loss based on R? calculated from impedance measurements

(not shown).

Electrochemical Impedance Spectroscopy (EIS) studies: - In order to understand further the

kinetics of oxygen reduction on LSC-NiO, impedance measurements were carried out at
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different gas compositions. EIS analysis was carried out at equilibrium potential (open circuit) on
the LSC-NiO electrodes. Figure 30 (a, b, ¢c and d) shows the impedance response of LSC-NiO
electrode as a function of different gas compositions at different temperatures. The impedarce
responses appear differently in case of LSC-NiO when compared to those of NiO. The two
distinct loops occurring at high and low frequencies in the case of NiO appear to be merged with
each other in case of LSC-NiO. The effect of temperature clearly shows that the observed
depressed semi circle loop includes both the charge transfer and mass transfer phenomenon. At
higher temperature, the total impedance as acquired from the Nyquist plots decreases suggesting
that the observed effect could well be assumed as a combination of mass transfer and charge
transfer. From Figures 30a and 30D, it can also be seen that the effect of partial pressure of O,
and CO, are antagonistic to each other. The magnitude of the impedance loop decreased on
increasing the O, partial pressure. This clearly indicates a positive reaction order for oxygen and
is similar to the response seen for NiO [57]. In case of CO;, the impedance value increased with
an increase in CO, partia pressures implying that the reaction order of CO, must be negative. A
mass transfer limitation phenomenon was observed when no CO, was passed to the working
electrode. The same effect was observed by Y uh and Selman with 2 % CO; [68]. Yuh et al. [57]

obtained similar results for NiO in terms of O, and CO, dependence on impedance responses.

New Electrode Material

Cobalt doped Lithium Nickel Oxide

X-ray diffraction studies. - Figure 31 shows a typical powder X-ray diffraction patterns of
pristine LiCoO, and LiNKCo1-xO, solid solutions. These patterns reveal thet all these materias
are single phase with the a-NaFeO, structure, space group R3m. The transition metal ions are in
turn surrounded by six oxygen atoms. Infinite layers of NikCo;xO» were formed through edge
sharing of the (NikCo1xOg) octahedras, with the intercalating lithium ions located between the
layers. All of the diffraction lines of LiNkCo0:.xO> can be indexed with a hexagonal lattice.
Analytical results were obtained from the XRD data using the lines (0, 0, 3) and (1, O, 4). Asthe
Ni®* ions at the 3(a) sites of the LiNiO- lattice are partially replaced by Co®" ions, the unit cell
dimensions, a and ¢, in a hexagonal setting become smaller. The lattice constants were a =
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2.876A and ¢ = 14.183A for LiNisC0p1Ox a= 2.871A andc = 14.176 A for LiNbsC0y205: a

= 2.865A and ¢ = 14.170A for LiNi-CopsO, and a= 2.816A and ¢ = 14.046 A for LiCoO,.

This decrease in lattice constants is due to the difference in size between trivalent cobalt and

trivalent nickel ions (r3' = 0.56A, re :0.53,8\) [58]. These results strongly suggest that

LiNiCo1xO is in a homogenous phase, i.e. Nf* and Co®" are homogenously located at the
octahedral 3(a) sitesin a cubic phased oxygen array.

Figure 32 compares the XRD patterns of LiNkCo1-xO. sintered at 800°C for a period of
24 h in the presence of air. The XRD patterns indicate that the (0, O, 3) line characteristic of the
lithium content decrease for the case of LiNp 9Cog10.. As the cobalt content increases in the
LiNKLC01xO2 (x = 0.2, 0.3, 1), the lithium evaporation on heating also decreases. Perez et al. [59]
carried out a similar experiment wherein they treated different Li(NiCo) mixed oxides in molten
carbonate at 650°C under air and observed a decrease in lithium content in the oxides. Figure 33
shows the XRD patterns of LiNpsCop 20, heat treated at different temperatures for a period of
24 h. It is seen that the LiNipgCoo20; is quite stable upto sintering temperatures of 800°C in
terms of lithium content. Heating LiNpgC0020, to 1100°C leads to significant lithium loss,
which is seen, from the different XRD pattern obtained. Also, XRD pattern obtained from
LiNip8C0o 20, samples heat treated in molten carbonate for 500 hours under air at 650°C shows
no significant structural change when compared to pristine oxide. This results show that
LiNKC01xO2 (x = 0.2, 0.3) may exhibit the structural integrity needed of a MCFC cathode to

sustain long-term operation.

Sability tests: - The short-term stability of LiNkCo014xO, (X = 0.1, 0.2, 0.3) in molten carbonate
eutectic was determined using pot tests. Atomic absorption (AA) was used to analyze the
dissolved nickel in the melt. Figure 34 shows the results of AA analysis on the amount of
dissolved nickel in the carbonate melt as a function of time. The results indicate that cobalt
doping increases the resistivity of the oxide to the molten carbonate environment. The amount of
nickel cation in the carbonate melt increases with time and saturates after about 100 hours. The
dissolution rate obtained for LiNkCo;.xO is about one half of the dissolution of state-of-the-art
nickel oxide reported in literature [49-53]. Based on these results and the XRD data, it was
decided to carry out further studies on LiNip.sC020-. These compounds exhibit enough stability
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at operating temperatures and aso the rate of dissolution of nickel is lower when compared to
state-of-the-art cathodes.

Pore volume distribution: - The electrode structure is one of the principal factors determining
cell performance in MCFCs. The electrode reaction takes place mainly near the meniscus (three
phase boundary), where mass transport resistance is least for gas diffusing through the liquid to
the reaction surface. Alternatively an electrolyte film may cover the pore wall through which the
gas diffuses to the electrode. Flooding of the electrode is usually deleterious to the performance
of cathodes. Cathode porosity is adjusted in order to ensure proper electrolyte distribution. Small
pores retain electrolyte by capillary pressure, while large pores are gas-filled, even though their
walls may be fully or partly wetted by thin liquid films. Figure 35 shows the pore volume
distribution of sintered LiNp gCo0020, cathodes. The pore size distribution shows three kinds of
pores ranging from micropores of less than 1 mm size to macropores of size greater than 10 nm.
Majority of the pores lay in the intermediate class of particle size around 2~3 nm. The porosity
of the sintered LiNi.gsC0020; cathode was 38.5311%. This value is lower when compared to the
porosity of in-situ sintered state-of-the-art NiO cathode (porosity~50-55%) [60]. This low
porosity in case of LiNpgCop20, cathode can cause higher polarization during testing of these
electrodes. However, porosity can be enhanced by the addition of pore formers during
tapecasting and by careful optimization of sintering conditions.

Polarization studies: -Polarization studies were carried out in a three electrode 3 cnt lab scale
cell containing LiNipgCop20, electrodes both as the working and counter electrodes Gold
(oxygen reduction) served as a reference electrode. The electrodes were separated by a LIAIO,
ceramic tile containing Li/K carbonate melt (62-38mol%). The cell is connected to a
gold/oxygen reference electrode through a salt bridge. The polarization characteristics of
LiNipsC0o 20, cathodes were obtained by varying the current load. Figure 36 compares the
cathode polarization during the galvanodynamic scan for the LiNip.gCoy 20, electrode at different
operating temperatures. The current was scanned at 1 mA/sec and the curves have been corrected
for IR loss based on Ry calculated from impedance measurements (not shown).

The th characteristics of LiNipgCo020, cathodes obtained at different temperatures are

similar to each other. Increasing the temperature has a significant influence on the polarization
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in case of LiNipgCop20,. The observed overpotentiads h decrease with increasing the
temperature indicating a decrease of both the polarization and diffusion overpotentials with an
increase of temperature. The voltage polarization decreased from 140 mV at 160 mA/cnt in case
of 650°C to 65 mV/cnt at 750°C as shown in Fig 36. Similar results were observed in literature
in case of NiO electrodes [42,56,57]. Our earlier study showed a voltage polarization of 55 mV
for NiO and 95 mV for Co encapsulated nickel electrodes for an applied current of 160 mA/cnt.
Fig. 37 shows the effect of temperature on cathode polarization of NiO and Co encapsulated
NiO. This difference in the performance of LiNigCop20, and NiO cathodes can be attributed to
the poor porosity (~45%) of the LiNiy.sCop O, cathodes.

The performance of the LiNipgCa20, electrodes was evaluated from the exchange
current density data obtained from iV plots under low current load (i £ 10 mA/cnt). The slope
of the linear part of +V curve was used to calculate the apparent exchange density based on the

expression i, =

where, R is the universal gas constant, T is the cell temperature, F is the

o
Faraday’s constant and R; is the slope of the +V response. The range of values of exchange
current density calculated for LiNiggCoo20. cathodes varied from 25.1 to 26.1 mA/cn? during
various stages of operation. The apparent exchange current density calculated using the same
method for the case of NiO in one of our earlier studies varied between 29-31 mA/cnt [42]. The
low exchange current density observed could again be due to the lower porosity in case of
LiNip.sC00.20, cathodes.

Electrochemical Impedance Spectroscopy (EIS) studies: - In order to understand the kinetics of
oxygen reduction on LiNipgCoy20,, impedance measurements were carried out at different gas
compositions. EIS analysis was carried out at open circuit on the LiNiygCo020, electrodes.
Figure 38 shows the impedance analysis of NiO and LiCoO; electrodes at different temperatures
a a particular gas composition. The impedance response at any given temperature is
characterized by the presence of high frequency loop and an extension at low frequencies. The
high frequency plot has been associated with the charge transfer processes while the low
frequency loop to a slow process (mass transfer or slow homogeneous reactions). The impedance
response shown in Fig. 39 (a, b, ¢, d, e and f) is similar in appearance to the ones obtained by
Yuh et al. [56,57] under similar conditions for NiO cathodes. As shown in Figure 38, the cell
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temperature has a marked effect on the ac impedance. Increasing the temperature, a drastic
decrease of charge transfer resistance is seen, which in agreement with the results obtained from
polarization studies.

From Figures 39 (a, b, ¢, d, e and f), it can aso be seen that the effect of partial pressure
of O, and CO», are in opposite to each other. The magnitude of the impedance loop decreased on
increasing the O, partial pressure. This clearly indicates a positive reaction order for oxygen and
is similar to the response seen for NiO [57]. In case of CO;, the impedance value increased with
an increase in CO, partial pressures implying that the reaction order of CO, must be negative.
Yuh et al. [57] obtained similar results for NiO in terms of O, and CO, dependence on
impedance responses. This shows that oxygen reduction kinetics in LiNi.gCop20, follows a
similar mechanism asin that of NiO. Hence LiNipsC0020, can be used as a cathode material for
MCFC applications.

Current Collector Studies
Sability tests: - Stability of the coatings was determined by immersion tests and morphological

and compositiona analysis of the molten carbonate melt, SS samples, and the LiAIO, separators.
Stainless steel forms complex corrosion products [20,25]. The composition of these corrosion
products depends on the constituents and surface composition of the steel. Most of the corrosion
products such as LiCrO, and NiO are not stable in the molten carbonate and dissolve in the melt.
Therefore it was of interest to analyze the melt and to estimate the concentration of the dissolved

current collector (SS304) constituent elements.

Atomic absorption spectroscopy: - The short-term stability of the corrosion products formed in
case of SS304 and Co-Ni encapsulated SS304 in molten carbonate eutectic were determined
using immersion tests. Atomic absorption spectroscopy (AAS) was used to analyze the dissolved
chromium and nickel in the melt. Figure 40 shows the results of AAS analysis for the dissolved
chromium and nickel in the carbonate melt as a function of time. The amount of material lost is
given by the weight of Ni/Cr in the melt normalized to the surface area of the sample (1cnf). As
shown in Figure 40, the concentration of chromium in the melt was about three times higher in
case of bare SS304 when compared to that of Co-Ni encapsulated SS304. Molar concentration of

nickel was aso significantly higher for the case of bare SS304 when compared to the surface
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modified SS304. The amount of nickel and chromium in the carbonate melt increases with time
and saturates to a stable value. The content stabilizes for both substrates after 100 hours of
operation. The nickel content for SS304 stabilizes after 250 hours. In contrast, nickel from Co-
Ni-SS304 stahilizes after 75 hours of operation. Coloring of the molten carbonate melt due to
chromium dissolution was observed at the end of the experiment. The coloring was more intense
in case of SS304 when compared to that of NiCo-encapsulated SS304.

SEM and EDAX analysiss - SEM and EDAX was used to study the morphology and
compositional changes of bare and surface modified SS304 when exposed in molten carbonate
melts at 650°C for 500 hours under cathode gas conditions. Compositional and morphological
analysis of fresh SS304 and Co-Ni encapsulated SS304 were also done for comparison.

Figure 41 shows scanning electron micrographs of fresh and posttest SS304 and Co-Ni
encapsulated SS304 samples. Electroless deposition leads to formation of particles of Co-Ni on
top of the SS304. In the case of post-test SS304, cubic crystals are uniformly distributed
throughout the surface, while in the case of Co-Ni encapsulated SS304; the corrosion scale is
more undefined and complex. EDAX analysis on the corrosion scale of SS304 showed high Fe
content on the surface. According to literature SS304 forms a corrosion layer under cathode
conditions consisting of LiFesOg[20].

EDAX analysis indicated that SS304 has a high initial Cr content (18 wt.%), which
decreases with interaction in molten carbonate under cathode gas conditions. This is due to the
dissolution of chromium into the electrolyte through oxidation and disintegration. EDAX
analysis carried out on the corrosion scales of the surface modified SS304 indicates a high Co
and Ni content in the scale. The cobalt and nickel contents did not change appreciably during the
cell operation indicating a very stable coating. EDAX analysis on the separator matrix shows the
presence of Cr. High concentration of Cr was found for the case of bare SS with a value of 6.5
wt.%. Inthe case of Co-Ni coated SS the amount of Cr is 0.24 wt.%. Figure 42 shows the digital
pictures of the matrix after testing.

X-ray diffraction analysis were carried out on the corrosion scales formed on the stainless
steel samples in order characterize the corrosion products that are formed during the interaction
of steel with the molten carbonate under cathode gas conditions. Figure 43 shows the X-ray
patterns obtained in case of post-test SS304 and Co-Ni encapsulated SS304. The diffraction
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pattern differed significantly in case of SS304 and Co-Ni-SS304 suggesting the presence of
different compounds on the surface. The irregularity of the surface of the corrosion scale leads to
greater disturbances in the X-ray pattern. In case of SS304, the surface was mostly covered with
mixed iron oxides such as LiFeO, and LiFesOs. In case of Co-Ni encapsulated SS304, lithiated
cobalt, nickel and iron oxides covered the surface. Lithiated Co, Ni, Fe oxides are corrosion
products themselves and are quite stable under MCFC cathode conditions.

The corrosion products that are unstable in molten carbonate disintegrate and are
included in the adjacent electrode material. This can sometimes alter the porosity of the materia
and lower the performance of the electrode. In our tests, the LiAlO, separator was placed in
direct contact with the SS304 and Co-Ni encapsulated SS304 plates.

AAS studies showed the presence of chromium in the melt in case of SS304 and Co-Ni
encapsulated SS304. The observed chromium in the melt probably is due to the disintegration of
Cr based corrosion products formed during oxidation of SS304. The LiAIO, based separator was
analyzed after the experiment was completed using SEM and EDAX in order to determine the
morphological and compositional changes in the separator due to the corrosion reactions
occurring on the adjacent current collector. Figure 44 shows the SEM micrographs of fresh and
used (Post-test from SS304 and Co-Ni-SS304 containing 3cnt cells) LiAlO, separators. The
morphology of post-test LIAIO, does not differ significantly from fresh separator except for the
apparent decrease in void area, which probably is caused by electrolyte filling. Spot analysis by
EDAX showed high chromium content in these corrosion products. EDAX analysis on the
complete LiAIO, separator shows an average chromium concentration of 6.5 wt.% in case of
SS304. The amount of Cr present in the case of Co-Ni encapsulated SS304 was found to be 0.24
wt. %. The observed high chromium content in case of SS304 resulted due to unstable corrosion

products on the surface of the current collector.

Corrosion studies under open circuit conditions: - Open circuit potential response of SS304 and
Co-Ni encapsulated SS304 as a function of time in molten carbonate under cathode gas
conditions is shown in Figure 45. The potential is referenced to a gold electrode with 2CO + O,
as a reference gas. As shown in Figure 45, the potential of bare and surface modified SS 304
changes with time to more positive values. The potential changes from —1 V to the potential of

the oxygen reduction reaction. The observed potential change is a multi- step process resulting
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from different oxidation reactions occurring at the surface. The open circuit profile traced in the
case of surface modified SS 304 is shown to be different than that of bare SS 304 suggesting a
distinctive nature of the corrosion scale in this system. Alloy surface composition strongly
determines the nature of the potential change. The complexity of the passive layer formation
strongly depends on the surface composition of the alloy.

In the potential range between —1.0 V to 0.0 V, iron is oxidized to FeO and LiFeO;to
LiFesOg, while chromium is oxidized to LiCrO, and LiCrO,4 . Chromium oxidizes and reacts
with Li,COg3 from the electrolyte to form a layer of LiCr,O4 which dissolves slowly into the melt
[22]. Nickel and cobalt are oxidized to lithiated NiO and lithiated CoO, respectively.

The formed initid layers are highly porous in nature and lead to a dow oxidation of
underlying iron to iron oxides. This phenomenon causes the second potential shift observed in
the open circuit potential plot of SS304 in Figure 45. After fifteen hours of exposure in the melt,
the corrosion scale consists of outer porous lithium ferrite layer with inner layers containing
dense chromium oxides that prevent the external diffusion of other metal ions thereby controlling
the growth of external ferrite layer.

In case of Co-Ni encapsulated SS304, the corrosion scale is made of outer CoO-NiO
layers which cover the lithium ferrite and chromium oxide inner layers. The presence of CoO-
NiO layers due to their barrier properties contribute to the observed decrease in chromium

dissolution rate fromthe underlying steel substrate.

Cyclic voltammetric studies: - Figure 46 shows CV's of SS304 and Co-Ni encapsulated SS304
obtained after 2 h of immersion in the Li/K carbonate melt purged with cathode gas. The curves
were recorded at a scan rate of 10 mV/s. The potential was swept from —1.6 V to 0 V in the
positive direction and back to —1.6 V. This region covers the oxidation and reduction processes
that may occur in the MCFC under various operating conditions.

As shown in Fig. 46, in the case of SS304 shifting the potential in the positive direction
resultsin apeak at approximately —1.2 V. Keijer et al [20] observed a similar peak in their study
of SS304 under cathode gas and attributed the peak to the formation of FeO by oxidation of the
surface Fe. As expected, this peak was absent in case of Co-Ni encapsulated SS304. At higher

positive potentials, a rapid increase in current is seen. The observed current in this region is due
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to the oxidation of FeO to LiFeO, [25], formation of LiFesOg, and chromium oxidation [25,65].
Oxidation of chromium occurs at more positive potentials than —0.3 V.

LiCrO, formed on the surface at this potentia is not stable as a corrosion layer and
dissolves as chromate ions [22]. In the case of stainless steel and surface nodified aloys, the
oxide scale is more complex than that of pure chromium. The presence of these oxides on the
surface decreases the dissolution of chromate ions due to their barrier properties. Thus, the
amount of chromium dissolved in the melt is a clear indication of the integrity of the passive
layer formed. Further increase in the potential leads to anodic decomposition of molten carbonate
[20].

Increasing the potential in anodic direction, the current increases slowly in case of Co-Ni
encapsulated SS304. The observed current is attributed to the oxidation of Ni to NiO. Similar
results have been reported in the literature [25]. At anodic potentials higher than -0.3 V a peak
appears which corresponds to oxidation to bivalent and trivalent nickel and cobalt ions. Vossen
et al [25] studied the anodic properties of bare Ni in molten carbonate. By using XRD analysis,
they reported the presence of trivalent nickel ions in the molten carbonate melt. With the
formation of trivalent nickel ions, vacancies are introduced into the lattice, which subsequently
improves the ionic conductivity of the scale. Our impedance data confirmed that Co-Ni
encapsulated SS304 has better conductivity than the bare SS304 due to higher concentrations of
nickel and cobalt in the oxide scales.

As shown in Fig. 46, polarizing the electrodes in the negative direction from OV resultsin
reducing the surface oxides. The observed increase in current for Co-Ni encapsulated SS304
corresponds to the reduction of trivalent nickel ions in the oxide scale. The reduction of chromate
ions present in SS304 also proceeds at the same potential. Further increase of the potential in the
cathodic direction to —0.9 V results to the reduction of a-LiFe;Og to LiFeO, and then to FeO.
Nickel oxide in Co-Ni encapsulated SS304 aso reduces to metallic Ni at this potential.

Tafel polarization studies. - To quantify the redox reactions occurring on the surface of the
current collector, Tafel curves were obtained at different temperatures in the presence and
absence of the oxidant gas.

Tafel polarization studies were carried out in a three-electrode 3-cnt-lab scale cell
containing SS304 and Co-Ni-SS304 electrodes as working and counter electrodes. Gold (oxygen



reduction) served as a reference electrode. The electrodes were separated by a LIAIO, ceramic
tile containing Li/K carbonate melt (62-38mol%). The cell was connected to a gold/oxygen
reference electrode through a salt bridge. The potential was scanned at a rate of 25 mV/s. Figure
47 compares the Tafel polarization curves obtained for SS304 under different gas and
temperature conditions. In the presence of cathode gas, the electrode potential was observed to
be close to 0 V (vs. Au/[2CO,+10;]) indicating that the potential is controlled by the oxygen
reduction reaction. In the absence of gas, the potentials shift to — 0.25 V (vs. Au/[2C0O,+10,]),
which is the mixed potential of the various metal oxides present on the steel substrate. In the
presence of gas, the cathodic scan represents the oxygen reduction reaction occurring on the
surface of the electrode. When the potential is scanned in the anodic direction, the current
denotes the oxidation of the &7 species along with the anodic decomposition of the carbonate
electrolyte [20,25]. In the absence of gas, the cathodic reaction represents the mixed reaction
between oxygen reduction reaction (coming from the reference gas) and the reduction of surface
metal oxides. The high scan rate ensures minimum irreversible changes on the surface. During
the anodic scan the oxidation of the O* species occurs  along with the oxidation of metal to
metal oxide.

Figure 48 shows the Tafel polarization curves obtained for Co-Ni encapsulated SS304
under similar conditions. In case of Co-Ni-SS304, both the cathodic and anodic currents were
larger than the corresponding currents in case of SS304. This indicates that the oxygen reduction
reaction, which contributes predominantly to the observed currents in the Tafel polarization
curves, occurs at a faster rate on Co-Ni encapsulated SS304 substrate. This is to be expected,
because Co-Ni encapsulated SS304 forms a CoO-NiO rich corrosion scale which has a higher
exchange current density for the oxygen reduction reaction when compared to that of iron

oxides, which is a corrosion scale on SS304.

Effect of corrosion scales on electrolyte management: - Electrolyte distribution significantly
affects the performance characteristics of the electrodes. The tendency towards capillary
equilibrium is utilized to control the electrolyte distribution of the fuel cell cathodes and anodes.
Thus, formation of a porous corrosion scale on the bipolar plates can contribute to the
disturbance of the electrolyte management scheme due to capillary action. Therefore, apart from

the induced loss of eectrolyte due to the interaction of chromium (from SS) with LiCOg, the
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porous corrosion scales can also be expected to compromise the electrolyte management thereby
affecting the performance of the electrode. EDAX analysis carried out on the corrosion scales of
SS304 and Co-Ni encapsulated SS304 samples taken from a MCFC cell showed the presence of
potassium which may come only from the LbCO3+K,COs €electrolyte. This observation agrees
with our argument that the porous corrosion scale would be wetted by the electrolyte. The extent
of wetting could however be very small considering the small surface area of the corrosion
scales. In this context, the advantage provided by the higher exchange current density of Co-Ni
oxides on the Co-Ni-SS304 when compared to that of iron oxides in SS304 becomes quite

significant.

Electrochemical Impedance Spectroscopy (EIS) studies: -In order to understand better the
reactions occurring on SS304 and Co-Ni-SS304 under MCFC conditions, impedance
measurements were carried out as a function of different gas compositions and temperatures. EIS
analysis was carried out using the same electrochemical set up described in the Tafel polarization
studies. EIS analysis was performed at open circuit on SS304 and Co-Ni-SS304 electrodes in the
presence and absence of gas.

Figure 49 shows the impedance analysis of SS304 electrode at different temperatures and
gas conditions. The impedance response at any given temperature is characterized by the
presence of two arcs. The high frequency arc has a slope of 0.5 that could be representative of
the conductivity of the porous electrode. The low frequency loop indicates a complex charge
transfer and mass transfer controlled reactions occurring on the surface of the corrosion scale.
The oxygen reduction reaction predominates at the electrode surface in the presence of oxidant.
When the gas supply is discontinued, the oxygen reduction reaction still proceeds on the surface
depending upon the availability of dissolved oxygen in the melt. However, the extent of this
reaction is small owing to the decreased availability of oxygen, which in turn causes the potential
to shift to that of the metal oxide value. The impedance begins to decrease gradually withtime
when the gas supply is discontinued before stabilizing after about 4 hours. The impedance
response followed a similar trend at higher temperatures. However the magnitude of the
polarization resistances for surface reactions decreased considerably. This can be expected due to
the dependence of the activation energy of the reactions on the temperature. The conductivity of

the porous scale is also seen to increase at higher temperatures.
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Figure 50 shows the impedance response of Co-Ni-SS304 electrode & a function of
different gas compositions at three different temperatures. The impedance responses are very
similar to those obtained in case of SS304 except for the difference in the magnitude. Co-Ni
encapsulation on SS304 leads to a formation of CoO-NiO rich corrosion scales on the surface of
the surface modified current collector. CoO-NiO has a higher exchange current density for
oxygen reduction reaction when compared to that of iron oxides. Therefore a smaller polarization
resistance can be expected n case of Co-Ni encapsulated SS304 when compared to that of
SS304. This explains the observed decrease in impedance in case of surface modified SS304
when compared to that of SS304. Temperature also has a similar influence as in the case of bare
SS304 wherein the magnitude of polarization resistance decreases with increase of temperature.

Careful examination of these impedance curves suggests that the loops, which are
observed in both cases for Co-Ni encapsulated SS304 and SS304, are either depressed
semicircles or arcs of semicircles whose center is displaced from the real axis. The data can be
compared with the impedance of a plausible electrical equivalent circuit by complex nonlinear
least squares fitting (CNLS) to extract parameters (circuit elements) which can be related to
physical processes which are believed likely to be present. Although we typically employ ideal
resistors, capacitors and inductances in an equivalent circuit, actual real elements only
approximate ideality over a limited frequency range. In this work, the impedance loops are
present as depressed semicircles signifying deviation from ideality. To compensate for this
deviation from reality, a distributed phase element was added to the equivalent circuit. Figure 51
shows the electrical equivalent circuit that was used to fit the experimental impedance data
obtained for the case of SS304 and Co-Ni-SS304. The distributed element used in the equivalent
circuit is a Zarc-Cole type wherein a constant phase element (CPE - signifies the semi-infinite
non-uniform diffusion occurring in a porous electrode), is placed in parallel with an ideal resistor
(reaction resistance). The Zarc produces a complex plane curve, which forms an arc of acircle
with center, displaced from the real axis. Further details about the Zarc-Cole fitting and CPE can
be obtained from literature [58].

The parameter conductivity of the porous electrode, R;, and polarization resistance, R, (in
presence of gas) which are extracted from the impedance response using the equivalent circuit
model, is summarized for both Co-Ni-SS304 and SS304 in the next table.
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ElIS Equivalent Circuit Fit

Current Collector Porous electrode Polarization Resistance
Ohmic Resistance | (W)
W)

SS304 ~5.3 120.68

Co-Ni-SS304 ~1.3 22.86

The polarization resistance in the presence of oxidant is significantly lower in case of Co-
Ni-SS304 (22.86 W) when compared to SS304 (120.68 W). This can be expected because of the
poor kinetics for oxygen reduction on the iron oxide substrate when compared to CoO-NiO. The
resistance R denoting the conductivity of the porous electrode obtained for SS304 at 650°C
using the equivalent circuit model varied between 5.71 W and 5.29 W while it varied between
1.32 Wand 1.28 W for the case of Co-NiO-SS304. This shows that the corrosion scale formed in
case of Co-Ni-SS304 has a higher conductivity when compared to the corrosion scale formed on
SS304. The polarization resistance R and ohmic resistance R a 700°C and 750°C followed
similar trend as the case of 650°C even though the magnitude was significantly lower at higher

temperatures suggesting improved kinetics and better conductivity.

Cathode Model
The model equations are highly nonlinear and coupled in nature and hence cannot be

solved analytically. The five governing equations (Eq. 37-39) with the appropriate boundary
conditions (Eg. 40 and 41) have been solved simultaneously using Femlab 2.1 (a commercial
software package based on finite element analysis) and also using Newman's Band(j). In
studying the performance of the cathode, the main parameter of interest is the electrode
polarization under different applied currents. The measured polarization is the difference in
potential between the current collector (Fm), under load as compared to at open circuit

(F m)oocv- However, the model solves for the local overpotential f, which is the difference
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between the solid phase and liquid phase potential. Lee et al. [35] present a relationship between
this overpotential and the experimentally measured polarization 10ss (F mo-F mo.ocv). The IR free
polarization is given as,
1 . N
fIR-free:(F)o+WgF)L-(F)OH (65)

app

where Kapp ad s app are the apparent conductivities modified by the porosity. (F ), and (F ), are

the overpotentials at the matrix side and the current collector side of the electrode as defined by
Lee et al. [35] Usng the model we studied the effect of different parameters on the IR free

polarization loss.

Effect of Conductivity:

Ohmic losses in the MCFC cathode can arise due to poor conductivity of either the
electrode or the electrolyte. The electrolyte here is an eutectic mixture of LLbCO3-K>COs hdd in
a lithium aluminate matrix. Electrolyte fills inside the porous cathode due to capillary forces. In
general the conductivity of the electrode materia is much larger than that of the eectrolyte. The
conductivity of the melt lies in the order of 10 S/cm while solid phase (electrode) conductivities
are in the order of 10 S/cm. Figure 52 presents the polarization loss at various loads for different
values of the electrolyte conductivity. The model simulations were run with a s vaue of 13
S/cm. From Fig. 52 it can be seen that increase in k decreases the polarization loss. At large
values of k (2.0 S/cm) a linear relationship is seen between the polarization loss and the applied
load. With decreasing values of k, the polarization loss increases exponentialy with increasing
applied current. For k=2.0 X102 S/cm it can be seen that changing the applied current from 160
mA/cnt to 200 mA/cnt results in increasing the polarization loss by 15 mV. A similar change in
current for k=2.0 S/cm would increase the polarization loss only by 3 mV. While the mode
simulations show a significant effect of the electrolyte conductivity on electrode performance, in
reality the choice of electrolyte is limited by other considerations. Stability at high temperatures,
low dissolution of cathode material and current collector in the melt play a critica role in
limiting the choice to a few eutectic mixtures. While the difference in conductivity between these
different melts is not significant, the effective electrolyte conductivity depends strongly on the
cathode design. The effective electrolyte conductivity is affected by the degree of electrolyte fill
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in the cathode, which in turn is influenced by the number of macropores and micropores in the
cathode. In order to study this we plot the local overpotential across the thickness of the
electrode for different k values. As seen from Fig. 53, the difference between the solid and liquid
phase potentials increases with increase in distance from the current collector. With decreasing
valuesof k most of the polarization drop occurs close to the matrix.

Figure 54 and 55 present the change in reaction rate dip/dx across the thickness of the

electrode. The variable dip/dx is a measure of the reaction rate or the current transferred per unit
.\ (sl)
volume (a(s')<1k> ) and is given by Eq. 34. The reaction rate is plotted as a function of two

different dimensionless parameters, g and @ as defined by equations 45 and 46. The parameters
o1 and g are ameasure of the electrode and electrolyte resistivity respectively. As seen from Fig.
54 changesin g have a significant effect on the reaction rate di,/dx. These simulations have been
done after fixing the ohmic conductivity of the electrode, i.e. gi. With increase in @ (high
electrolyte resistance), the reaction rate remains close to zero in most part of the electrode. In
generd it is preferable to have an electrode with a uniform reaction rate distribution everywhere.
The model smulations indicate that if gy and g differ significantly (over 2 orders of magnitude)
most of the reaction occurs within a zone close to the current collector and electrolyte matrix.
The rest of the electrode does not take part in the reaction and this represents a loss of effective
active material. Figure 55 presents the model results when the electrolyte conductivity () is
fixed and the electrode conductivity (gi) is varied. In both Fig. 54 and Fig. 55, it can be seen that
when g; and @ are comparable to each other the reaction rate does not go to zero across the
electrode. However, both low electrode and electrolytic conductivity lead to very poor reaction
rate distribution across the electrode. For all cases, the reaction rate remains high close to the
current collector and matrix. When the electrolytic and ohmic conductivities are equal to each
other a symmetrical reaction rate distribution curve is obtained. This is similar to the analysis
given by Newman [61] for porous electrodes. Although a uniform reaction distribution is the
desirable scenario practical considerations limit us from achieving this. As mentioned before, in
general solid phase conductivities are much larger than liquid phase conductivities. Hence, the
actual eectrode utilization is not 100% but much lower than that. Using this theoretical model it
is possible to optimize the electrode thickness based on input electrode parameters.
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Effect of Exchange Current Density:

We next study the effect of reaction kinetics on the electrode performance. Various
mechanisms have been proposed for the cathode reaction in MCFC. While the exact nature of the
reaction is under discussion, the rate of the reaction can be measured easily. Similar to electrode

conductivity, the oxygen reduction rate varies significantly on different materials. The state-of-

art cathode material in MCFC i NiO with a reported i0 value of 0.81 mA/cnt [35]. Alternate

materials such as LiCoO; (i =0.5 mA/cn?)® and LiFeO, (i$ =0.1 mA/cn?) [35] have been tested
as cathodes since they exhibit lower corrosion rates in the melt. Figure 56 presents the

polarization loss at different currents for various i values. As seen from the plot, varying i, has
a significant effect on the polarization loss. As iJ decreases the overpotential increases as result
of increased kinetic resistance as shown in Figure 57. Similar to k at high vaues of i the

polarization loss increases linearly with increasing applied loads. However, at low values of i

the polarization loss increases asymptotically and reaches a plateau with increase in current. This
isin contrast to Fig. 53 where decrease in kappa increases the potential drop exponentially. Asig
decreases, the reaction rate aso decreases. Due to slower reaction rate mass transfer becomes
competitive with reaction kinetics. Hence increasing the current density does not trandlate into
increased polarization loss. These results agree well with those reported earlier by Lee et al. [35]
Figure 57 shows the overpotential profiles for different exchange current densities. The
simulations were performed for an applied current of 160 mA/cnf. The overpotential increases

sharply near the matrix side of the electrode. It can also be seen that the large potential drop
close to the electrolyte matrix increases with decrease in ig. This directly trandates to a large

polarization drop across the electrode (see Fig. 56). In our ssimulations we assumed that a di»/dx
value lesser than 5% of the maximum reaction rate indicated a dead zone with no reaction. The

percent utilization of the active material is calculated for different ig using this basdline (5% of

the maximum reaction rate). Figure 58 shows the percent utilization of the electrode material as a
function of the exchange current density. It can be clearly seen that as i increases the utilization
decreases indicating that only a small fraction of the electrode takes part in the reaction. Most of

the reaction takes place in a small part of the electrode near the electrolyte tile. Figure 55 shows

that materials with high i values have low polarization drops. However, from Fig. 58 it can be
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seen that increase in iy translates to poor utilization of active material. For small i values the

reaction rate is slow and hence this alows sufficient time for dissolved O, and CO; to reach the
active solid interface and react. The slow reaction rate also alows the reaction to take place

much deeper within the electrode as compared to at high reaction rates. Both these factors

contribute to the higher utilization observed for low i7 values.

Effect of diffusion coefficient:

The reactants in the gas phase diffuse from the gaseous macropore to the catalyst surface
through the micropore, which has the electrolyte. Here we study the effect of mass transfer
through the electrolytic phase. Figure 59 presents a comparison of the liquid phase carbon
dioxide concentration across the electrode for different values of the diffusion coefficient. It can

be seen that change in liquid phase diffusion coefficient significantly alters the concentration
across the electrode. At very low values (10 cn¥/s) of Di(') the O, and CO, concentration close

to the matrix drops to zero (not shown in figure). However, the diffusion coefficient for both
dissolved oxygen and carbon dioxide in MCFC cathodes lies in the order of 10 — 102 cn/s.
[34] From Fig.59 it can be seen that at this value of the diffusion coefficient no depletion of
dissolved CO, occurs anywhere within the electrode. A linear concentration gradient exists
across the thickness of the electrode for both O, and CO,. The overpotential is aimost uniform
for large diffusion coefficients whereas for small diffusion coefficients the overpotential
increases drastically very near the matrix region (not shown in figure). A similar effect is seen by
varying both O, and CO» diffusion coefficients. Also, simulation results show that changing the
diffusion coefficient by one order of magnitude results in an increase in polarization of only 20
mV. This effect is smaller than that seen for eectrolyte conductivity and exchange current
density. These results indicate that mass transfer in the liquid phase is not rate limiting for
MCFC cathodes.

Effect of thickness of the electrode:

The resistance to mass transfer increases as the electrode thickness increases. Hence the
polarization increases with the thickness as shown in Fig. 60. This agrees with the prediction by
Prins-Jansen et al [29]. Their simulations considered changing the thickness keeping all other
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parameters constant similar to what has been done here. As suggested by Prins-Jansen et al. [29]
increasing the thickness has two conflicting effects, both the mass transfer resistance and the
active surface area are being increased. The upward bending effect seen in Fig. 60 is due to the
increase in the mass transfer resistance. Due to the competing effects of mass transfer and
increase in surface area, the polarization loss should go through an optimum as the electrode
thickness is increased. However, both in our model simulations and in Prins-Jansen et al. [29] we
observe a monotonic dependency where polarization loss always increases with increase in
thickness. This can be attributed to the assumption involved in the model simulation i.e. the
active surface area does not change with increase in thickness.

Fontes et al [37] state that optimum electrode thickness is shifted towards thicker
electrodes as the electrolyte conductivity increases. Increase in k increases the utilization of the
active materia as shown in Fig. 53. Hence the thickness of the electrode can be increased with
increased electrolyte conductivity to obtain similar performance. Figure 61 plots the CO, gas
phase concentration across the electrode thickness. It can be seen that even under high utilization
(40% - 60%) al the gas in the electrode is not consumed. For an electrode thickness of 0.6 mm
close to 40% of theinlet gasis still available at the outlet. In MCFC stacks, it has been estimated
that the utilization of the oxidant gases is around 40-50%. The change in gas phase concentration
does not have a significant effect on the electrode performance at high gas flow rates. However,
decrease in both oxygen and carbon dioxide flow rate will affect the performance of the cathode.
The liquid phase reactant concentrations are directly dependent on the gas concentration in the
macropore at that point. Low flow rates contribute to high utilization thereby leading to a
decrease in gas phase concentration. This will decrease the amount of reactant available for
taking part in the reduction reaction at the solid/liquid interface and hence increase the

polarization loss as seen in Fig. 60.

Comparison of cathode model to experimental data

Figure 62 compares the model to our experimental data of LiNiCoO, at different
temperatures. With increase in temperature the reaction rate as given by the exchange current
density and the species transport rate as given by the diffusion coefficient increase. Further the
electrolyte conductivity aso increases. The gas phase diffusion coefficients at different

temperatures can be calculated using the Fuller correlation[46]. The temperature dependency of
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the liquid phase diffusion coefficients, electrolyte conductivity and the exchange current density
were determined by fitting the model to the experimental data. In all cases an Arrhenius
relationship to the temperature was obtained. The fitting results along with the R? term are given

in Table 11. The dependence is given by

@ bo
X =aexp ¢ TS
The parameters obtained from fitting the model data were used in the subsequent simulations.
Our next goal was to compare the polarization behavior of the cathode under different gas
compositions.

Our model predicts monotonic dependence of the polarization loss on both CO, and O,
partial pressure. The exchange current density is concentration dependent and has negative
reaction order dependence for CO, and positive order dependence for O,. Increasing the
concentration of CO, decreases the local current density and hence increases the polarization.
The effect is the reverse for O,. Similar results have been obtained by previous researchers aso.
This is shown in Fig.63, which gives the fit of our model to experimental data of LiCoO, at low
overpotentials obtained by Lagergren and Simonsson [62] for different gas compositions. The
model parameters remained the same as for LiINiCoO, (see Table Il) except for the exchange
current density, which was calculated as 5 mA/cnt at 650°C.

Figure 64 presents comparison of polarization profiles between three different cathode
materials namely, NiO, LiCoO, and LiNiCoO,. For al three cathode materials good agreement is
seen between model simulations and experimental data. NiO is a p type semiconductor and has a
lower conductivity than pure Ni. Li" ions coming from the electrolyte, diffuse into the NiO and
increase its eectronic conductivity. However, NiO has much larger exchange current density for
oxygen reduction as compared to alternate cathode materials such as LiNiCoO, and CoOs..
Model simulations indicate that an electrode made of a material, which has the conductivity of
NiO, and exchange current density of LiCoO, would suffer around 100% more polarization than
the conventional NiO cathode. The exchange current density and electrode conductivity of the
three materias obtained using the homogeneous model are given in Table I111. These results show
that the model can be used to extract critical thermodynamic, kinetic and transport parameters

from polarization data.



Full Cell Modd
There are eight unknowns, solution phase potential (] >(') ), solid phase potential (] )(S) ),

dimensionless concentration in the liquid and the gas phases for the three gas components (ui(g)

and ui(')r%pectively for species ‘i’, i = COz, G or H). The set of governing equations and
boundary conditions (48-64) are solved for these eight variables using FEMLAB 2.2 and the
results are discussed in the following section. Model simulations were run with the set of

parameters given in Table IV. The equilibrium potentials in the cathode, E.,. and the anode,

E.q. @€ 0.0 and —1.02 volts respectively with respect to oxygen reduction on gold. Cell potential

is caculated from the difference in solid phase potentials a x = 0 and x = L i.e
V=3, - ¢ )| . overall drop is determined by finding the deviation of the cell potential

from equilibrium potential (V,,- V). The drop in the cathode, separator and the anode are

detemined & E,ie- ()7~ (1)"1), 101 et B (01 - ()7L

respectively. The cell potential determined using model simulations might be different from the
experimental values due to resistance in current collectors. But the model is based on the

assumption that the resistance in the current collectorsis negligible.

Polarization drops across cell

A clear understanding of the significance of different cell components is necessary.
Figure 65 shows the drop in the cathode, anode, electrolyte tile (matrix) along with the overall
drop in potential for different applied current densities. It is obvious that the drop in the cathode
and anode is smaller compared to the overall drop. The huge drop in the matrix is attributed to
the ohmic loss in the electrolyte. This agrees with previous results [63] where 70% of the total
cell potential is attributed to ohmic losses in the el ectrolyte. Also, as the current density increases
the percentage drop in the metrix decreases and the losses in the matrix and rest of the fuel cell
become comparable as shown in Fig. 66. The percentage increase in the cell potential drop with
increasing current density is more in the electrodes than in the matrix (a higher exponential

dependence of the potential drop on current density in the cathode than in the matrix). This can
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be attributed to the concentration polarization in the cathode, which increases exponentially with
increasing current density (the upward bending effect due to mass transfer limitations).

The drop in the matrix is seen clearly by plotting the liquid phase potentials in the
cathode, matrix and the anode as shown in Fig. 67. It can be seen that there is alarge jump in the
liquid phase potential in the matrix and a considerable drop in the cathode. The drop in the anode
remains almost the same. Also, as the applied current density increases this jump in the liquid
phase potential increases both in the matrix and the cathode. Change in solid phase potentia is

negligible since the electronic conductivity is high. But the liquid phase potential changes

significantly with current density. Since(f ) increases and (f ) remains the same, the

overpotential increases ((f >(S) - {f )(')) increases leading to adrop in cell potential.

Figure 68 shows the profile of potential drop for varying matrix thickness for different
applied current densities. Potential drop increases with matrix thickness as well as current
density. But as the current density increases the slope of potential drop vs. matrix thickness
increases. Hence decreasing the matrix thickness will improve the performance of molten
carbonate fuel cell. This has been observed by previous researchers [63]. They found that the
voltage drop OVonm) followed a trend with the thickness (i.e. DVon=0.533t). But there are
practical constraints to it. We are very well aware of the dissolution of the cathode material in the
electrolyte. If the matrix thickness is small then the Ni++ diffusion from the cathode to the anode
is easier and the cell is shorted in a short span of time. This leads to a decrease in the life of the
fuel cell. Hence a compromise must be made between the life of the fuel cell and the cell

performance while choosing the matrix thickness.

I mportance of concentration polarization

Figure 69 gives the cell potential for different applied current densities. There are two
cases shown, case 1 with concentration effects and the case 2 assuming negligible concentration
gradients. Case 1 is the result of the model that takes into account the concentration gradients in
the gas and the liquid phase along with potential gradients and activation control. Case 2 presents
the model simulations that take into account only the potential gradients and activation control
and neglect concentration gradients both in the liquid phase and the solid phase. A small

difference in the cell potentials is observed between the two different cases at low current

66



densities. As the current density increases this difference increases exponentially. At low current
densities ohmic effects dominate and mass transfer effects are negligible. But as the current
density increases there is mixed control (ohmic and mass transfer). The difference between the
two models yields the concentration polarization (mainly in the cathode). Figure 70 shows the
plot of concentration polarization for different current densities, which increases exponentially
with increasing current densities. Concentration polarization is calculated by finding the
difference in polarizations between the two cases. At low current densities the rate of the reaction
is low and the reactant concentrations are very near to the inlet concentrations. But as the current
density increases more of the reactants get consumed and the concentration decreases. Hence
concentration polarization increases as the current density increases. Plotting overpotential vs.
current density will show alinear curve for case 2 and an upward bending curve for case 1. This
upward bending effect is due to mass transfer limitations and has been discussed in the
simulations of the cathode model. The matrix thickness in this simulation was 0.1 cm. But
changing the matrix thickness does not change the concentration polarization. This is because of
the assumption that there is no gas crossover and hence there is no gas going into the matrix.
Changes in the concentrations do not affect the drop in the matrix. Though the entire
concentration polarization lies mainly in the cathode (and the anode to a smaller extent), its value
is appreciable especially at high current densities. So to model the system accurately
concentration gradients have to be taken into account. Figure 70 also shows the effect of
electrolyte conductivity k on concentration polarization. It shows that the concentration
polarization is small for high electrolyte conductivities. For lower values of k the mass transfer

effects are significant.

Local current density

The local current density profiles are given in Fig. 71. The local current density remains
almost the same throughout the cathode except near the matrix and the current collectors. This
suggests that most of the reaction occurs at the current collector-cathode and cathode- matrix
interface. When the applied current density is increased this nonuniformity in the local current
density increases further more. The same is observed in the anode though here most of the
reaction occurs at the matrix-anode interface. This suggests that we cannot use a constant local

current density along the whole length of the electrode i.e. the zero order approximation given by
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Standaert et al. [41]. Also the local current density cannot be assumed to vary linearly as can be
seen clearly from Fig.71. So the first order approximation suggested by Standaert et al. [41] is
also not true. In the cathode the cathodic part of the current density from Butler Volmer equation
is high compared to the anodic part. Hence we observe a negative local current density. In the
anode the anodic term is high leading to a positive local current density. This can be seen clearly
in the simulation results. The electrolyte conductivity was kept at 2.0 S/cm during these

simulations.

Effect of parameters

Since we know that most of the drop is in the matrix let us anayze the importance of
electrode parameters on the electrode polarization: exchange current density and electrode
conductivity. Different electrode materials have different exchange current densities; cathode
materials: NiO- 50 mA/cn? [64], LiCoO2- 5 mA/cnt [64], LiNiCoO?- 0.65 mA/cnt [64]; anode
material: Ni 110 mA/cn?. Simulations were run for different exchange current densities of the
cathode keeping all other parameters corstant. The same was done in the anode. The results are
shown in Fig. 72 and Fig. 73. Electrolyte conductivity k was kept a 0.02 Scm in the

simulations of these two figures. As can be seen from Fig. 72 the cell voltage increases sharply

when the cathode exchange current density (i, ) isincreased from 0.1 mA/cn? to 1 mA/ent and

increases again till ig, is around 5 mA/cnt. But above 5 mA/cnt increasing the i, does not

affect the cell potential. This is the case for any applied current density athough the cell
potentias vary with the applied currents. The same is observed with the anode exchange current

density iy, asshown in Fig. 73. This is because at low values of i, the system is under kinetic

limitations of the cathode. As igyc increases cathode kinetics is no longer the limiting factor and

other phenomena control the performance (mass transfer or ohmic or mixed control). The
electrode conductivities show a similar behavior. Figure 74 shows the effect of cathode
conductivity on cell potential. Below 1 S/cm any further decrease in the cathode conductivity
decreases the cell potential drastically. The cell is aready under limitations due to ohmic
resistance in the electrolyte due to the low electrolyte conductivity of 0.02 S/cm. Any decreasein
the cathode conductivity will add to ohmic limitations and result in a sudden decrease in the cell

performance. But for cathode conductivity above 1 S/cm the increase in cell potential is
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negligible. The state of art cathode materials have the following conductivities; NiO - 13 S/cm,
LiCoO; — 1 S/lem, LiNiCoO, — 5 S/lem. This suggests that LiCoO, will suffer from huge ohmic
limitations. Also these ssimulations suggest that for a particular anode material improving the
cathode material does not affect the overall performance after an extent and vice versa. Figure 75
shows the effect of electrolyte conductivity on performance. The behavior is similar to electrode
conductivity and exchange current density. The cell potential follows an asymptotic profile with
increasing electrolyte conductivity at al applied currents. From 0.02 S/cm to 0.2 S/cm there isa
wide dfference in cell potentials. But from 0.2 S/cm to 1 S/cm the cell potential increases
dlightly. Thus trying to increase the electrolyte conductivity to 0.2 S/cm for a given set of
cathode and anode materials will improve the performance of the full cell but there are practical

limitations to increasing the electrolyte conductivity.

Comparison to experimental data

Fig.76 shows the results of the model ssmulation along with the experimental data of
Soler et al. [65]. All the three curves fall closely. The parameters used in the cathode were taken
from the previous paper [64] where the cathode data was fitted to the experimental data. The
anode data was fitted separately before attempting to fit the full cell data. The cathode and anode
parameters used in the model simulation are given in Table IV. In the cathode and anode the

effective electrolyte conductivity is calculated using the Bruggeman formula. (k , =ke™®). We

were not able to fit the data using such a relation in the matrix. An effective conductivity greater
than the one estimated by the Bruggeman relation has to be used in the matrix to fit the model to
the experimental data. Doyle et al. [66] report a similar dependence of the effective conductivity
in the plasticized electrolyte in a Plastic lithium ion cell (where they report a conductivity lesser
than that predicted by the Bruggeman relation) though the Bruggeman formula holds good in the
cathode and the anode

In MCFC the cell potential varies linearly with the applied current dersity. This is
observed both in the model simulations and the experimental data. This is expected because the
activation polarization observed in low temperature fuel cells at low current densities vanishesin
high temperature cells.
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Power Density

Next we bok at how the power density changes with increasing load for different cell
thickness as shown in Fig. 77. Power density is defined as the product of the applied current
density and the voltage. We see that there is maximum power density around 200 mA/cnt for a
cell thickness of 0.26 cm At low current densities the power density increases as the current
density increases. But above 200 mA/cnt, increase in power due to increase in current density
cannot compensate for the increase in polarization losses. Hence the curve goes through a
maximum. Also it should be noted that in practice the point of maximum power density does not
correspond to optimum power density, since at this point the internal heat generation is high and
undesirable for fuel cell operation. Hence the fuel cell is operated at much lower power densities.
When the thickness is decreased the maximum power density increases. This is attributed to the
reduction in polarization due to reduced thickness. Thus reducing the thickness increases the

optimum power density and enables operation at higher power densities.
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CONCLUSIONS

Novel Cathodess:- Surface modification was used as to improve the performance of conventional
Nickel Oxide cathodes used in molten carbonate fuel cells. Using this approach Co was coated
on sintered tape Ni oxide cathodes. SEM analysis was used to show the morphological changes
in the sintered tape due to Co coating. Cobalt coated electrodes have a lower solubility in the
molten carbonate melt when compared to bare nickel electrodes under cathode gas conditions.
The solubility decreased more than 50% due to micro encapsulation with cobalt. The oxidation
behavior of cobalt-encapsulated electrode was very similar to that of bare Ni. However, thermal
oxidation rate was much lower in case of cobalt-encapsulated electrode. The +V characteristics
and polarization behavior for Co encapsulated NiO is different from that of NiO. A small
increase in polarization in case of Co-NiO was seen to be due to reduced exchange current
density. Impedance spectroscopic studies do not indicate any change in mechanism in case of
Co-NiO when compared to NiO.

Apart from Co coating of Ni oxide tapes, we also tried electroless plating of Co on Ni
particles. SEM analysis showed no magor changes in the nickel particle size. Subsequent to
deposition electrodes were prepared from Co coated Ni powders by tape casting and sintering.
Cobalt coated nickel powder electrodes have a lower solubility in the molten carbonate melt
when compared to bare nickel electrodes in the presence of cathode gas conditions. The
solubility decreased more than 50% due to micro encapsulation with cobalt. The oxidation
behavior of cobalt-encapsulated electrode was very similar to that of cobalt coated NiO cathode.
The +V characteristics and polarization behavior for Co encapsulated NiO is different from that
of NiO. A small increase in polarization in case of Co-NiO was seen to be due to reduced
exchange current density. Impedance spectroscopic studies do not indicate any change in
mechanism in case of Co-NiO when compared to NiO. This suggests that cobalt encapsulation of
nickel particles can be regarded as an aternative to improve the performance of conventional
nickel oxide cathodes in molten carbonate fuel cells.

Apart from Co, Lag gSrp2Co03 (LSC) was coated on the state-of-the-art nickel electrode
by a sol-gel method. LSC coating followed by sintering yielded electrodes with good pore
structure. No significant difference in particle size of the LSC-NiO electrodes was seen before

and after immersion in molten carbonate for 200 hours. Short-term stability tests in molten
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carbonate melt at 650 °C showed that the coating is effective in bringing down the nickel
dissolution. The impedance behavior of LSC-NiO in a haf-cell is similar to that of conventional
nickel oxide electrodes. Polarization studies showed 109 mV loss for an applied current of 160
mA/cnt. However, extensive pore volume distribution studies need to be done to optimize the
pore structure and porosity, which is expected to give minimum cathode polarization values.
Apart from surface modification of NiO, LiNkCo1.xO, was studied as an aternate
cathode material. It was synthesized by solid-state reaction from lithium nitrate, nickel hydroxide
and cobalt oxalate precursors. Lithium loss occurred during sintering of these mixed oxides and
this loss gradually decreased with the increase in cobalt content. LiNikCo1-xO, show lower rate
of dissolution in molten carbonate under cathode gas conditions when compared to that of NiO.
The rate of dissolution decreased with increase in cobalt content. However, considering the
economy of cobalt doping, and stability at higher temperatures, LiNi sCop 20, was chosen for
further characterization studies. LiNiy.gC0p20. cathodes for MCFC were made by a tape casting
and sintering process. SEM analysis on LiNipsCo20, electrodes sintered at 800°C show good
pore structure. Pore volume distribution studies done using mercury porosimetry showed lower
porosity when compared to that of state-of-the-art cathode. The i-V characteristics of
LiNio.gC0020, are good offering a current drain of 160 mA/cnt for a voltage polarization (IR
free) of 140 mV. Impedance spectroscopic studies done on LiNipgCay20, under different gas
conditions indicate that the oxygen reduction reaction mechanism follows a positive order for Oz
concentration and negative for CO,. This suggests that the oxygen reduction mechanism is
qualitatively similar to that of state-of-the-art cathode listed in literature. Finally LiNip.gCap20;
can be regarded as an aternate material to the conventional nickel oxide cathodes in molten

carbonate fuel cedlls.

Current Collector:- The current collector corrosion properties were studied. Surface
modification was used as an alternate current sollector. SS 304 was electroless plated with
monolayers of nanostructured Co-Ni. Immersion tests that were carried out on SS304 and Co-Ni
encapsulated SS304 indicated higher chromium dissolution rate in case of SS304 when
compared to Co-Ni encapsulated SS304. SEM and EDAX anaysis of the posttest SS304
indicated a loss of Cr from the surface. The surface composition of Co-Ni-SS304 showed very

little change in terms of Co and Ni content suggesting that the corrosion scale predominantly
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consists of Co and Ni oxides. XRD patterns of the corrosion scales indicated the presence of
lithium ferrite along with LiFesOg in the case of SS304 and mixed lithium-cobalt-nickel-iron
oxides in the case of Co-Ni-SS304.

The open circuit potential response of the SS304 and Co-Ni-SS304 measured as a
function of the exposure time showed the presence of several plateaus due to the different
corrosion reactions occurring on the surface of the sample. Cyclic voltammetry was used as a
gualitative technique to compare the effect of surface modification and it was observed that the
currents due to formation of scale were significantly lower in case of surface modified SS 304
when compared to bare steel. Conductivity of the corrosion scale was higher in the case of Co-Ni
encapsulated SS304 when compared to SS304. Polarization resistance for oxygen reduction was
significantly lower in the case of Co-Ni-SS304 when compared to SS304 due to the presence of
CoO and NiO on the surface as compared to LiFeO; in case of SS304.

Cathode Model:- Mathematical models were used to identify the effect of different parameters
on the performance of the cathode and the full cell. The electrolyte conductivity and exchange
current density have very large effect on the performance of MCFC cathode as compared to
other parameters. Due to low electrolyte conductivity as compared to solid phase conductivity,
most of the polarization loss occurs in a region close to the electrolyte matrix. Most of the
material within the center of the electrode does not take part in the electrochemical reaction. This
leads to low active materia utilization within the electrode. Both low electrode and electrolytic
conductivity lead to very poor reaction rate distribution across the electrode.

Increase in reaction rate as exemplified by the exchange current density leads to decrease
in polarization losses. Further, with increase in i¢ the polarization loss increases linearly with

0

increasing applied loads. However, a low vaues of i, the polarization loss increases

asymptotically and reaches a plateau with increase in current.

The amount of active material utilized aso varies with exchange current density. At high
values of S (> 10 mA/cnf), irrespective of the applied load most of the reaction takes placein a
small part of the electrode near the electrolyte matrix and hence only 5% of the electrode is
utilized. For small iJ values the reaction rate is slow and hence this allows sufficient time for

dissolved O, and CO, to reach the active solid interface and react. The Sow reaction rate also
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allows the reaction to take place much deeper within the electrode as compared to at high
reaction rates. Both these factors contribute to the higher utilization observed for low i values.
Changes in both gas phase and liquid phase diffusion coefficient do not have a significant effect
on the polarization characteristics. In general, in the polarization curve a downward bending
effect is observed due to kinetic limitations and an upward bending effect due to mass transfer
limitations. Under normal operating conditions mass transfer is not rate limiting and the
electrode is generally under mixed control.

The diffusion coefficients, electrolyte conductivity and the exchange current density are
all affected by changes in temperature. All of them have an Arrhenius form of dependency on
temperature. The activation energy and the frequency factor for each of these parameters have
been estimated by fitting the model to experimental data of LiNiCoO, at different temperatures.
Using these fitted parameters the performance of NiO and LiCoO, cathodes has been studied.
Exchange current density for different materials was obtained by fitting the model to the
experimental polarization data. Hence, apart from qualitative analysis of the cathode behavior,
the model can be used to extract critical thermodynamic, kinetic and transport parameters from
polarization data.

A key parameter whose effect on the behavior of the electrode has not been considered is
electrolyte filling. Increasing the amount of electrolyte within the MCFC cathode increases the

conductivity but reduces the mass transfer rate. Simulations were run by increasing e and

decreasing el to account for the increase in electrolyte fill. Results from our model show that
the polarization drops with increasing electrolyte filling. There was no optimum as seen
experimentally. The model simulations were obtained by keeping all parameters except the
porosities constant. Any modifications to the electrolyte content will change the interfacial
surface areas (&% and d%), which has not been accounted for in these simulations. Mercury
porosimetry yields information on the active surface areas corresponding to micropores and
macropores and aso the liquid and gas porosity. Assuming that the micropores are flooded with
electrolyte and macropores with gas, we can determine vaues for a®) and &%”. These two
parameters along with the porosities can be input into the model to determine the polarization
behavior. In future, we plan to extend the homogeneous model to account for electrolyte filling

by using data from mercury porosimetry.

74



We adso developed a three phase homogeneous model based on volume averaging to
analyze the performance of the full molten carbonate fuel cell. Relevant results of this model are
summarized.

Most of the potential drop in the cell is due to ohmic resistances especially in the matrix.
The drop in the cathode and the matrix becomes comparable at high current densities, since at
high current densities the concentration polarization in the electrodes increases. The drop in the
matrix is confirmed by the huge drop in the liquid phase potentials in the matrix. Concentration
polarization effects become important at higher current densities. Concentration polarization
exists in the cathode but not in the matrix since there is no gas crossover in the matrix. Hence it
is important to take into account the effects of mass transfer while modeling the system.

Matrix thickness plays a critical role in determining cell performance. Reducing the
thickness improves the performance but reduces the life of the fuel cell. Hence a compromise
must be made between these two opposing phenomena while choosing the separator thickness.
The local current density, which determines the reaction rate in the cathode and anode is
nonuniform across the cell. This nonuniformity increases as the applied current density increases
indicating that parts of the anode and cathode are not completely utilized. The state of art anode
electrode parameters — exchange current density and the electrode conductivity are not the
limiting factors for cell performance. However, electrolyte conductivity and cathode kinetics are
alimiting factor.

In MCFC the cell potential varies linearly with the applied current density because the
activation polarization observed in low temperature fuel cells at low current densities vanishesin
high temperature cells. The maximum power density does not necessarily correspond to
optimum power density, as the heat generation at such current densities is very high and is

undesirable for the fuel cell operation.
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LIST OF ACRONYMSAND ABBREVIATIONS

Concentration of species ‘i’ in the liquid phase, mol/cnt
Concentration of species ‘i’ in the gas phase, mol/cn?
Total concentration in the gas phase, mol/cn®

\Volume averaged concentration of CO, in the gas phase, mol/cn?
Volume averaged concertration of O, in the gas phase, mol/cn?
Volume averaged concentration of H; in the gas phase, mol/cn?
Volume averaged concentration of CO; in the liquid phase, mol/cn?
Volume averaged concentration of O in the liquid phase, mol/cn®
Volume averaged concentration of H, in the liquid phase, mol/cn?
Bulk concentration of CO; in the gas phase, mol/cn?

Bulk concentration of O, in the gas phase, mol/cn?

Bulk concentration of H; in the gas phase, mol/cn?

Bulk concentration of CO, in the liquid phase, mol/cn?

Bulk concentration of O, in the liquid phase, mol/cn?

Bulk concentration of H, in the liquid phase, mol/cn?

Specific surface area at the gas/liquid interface in the electrode k, cnf/cnt
Specific surface area at the liquid/solid interface in the electrode k, cnf/cnt®

Correction for diffusion coefficient
Total concentration, mol/cnt

Concentration of species i, mol/cnt

Correction for conductivity in the electrodes

Correction for conductivity in the matrix
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Diffusion coefficient of species ‘i’ in electrode k in the gas phase, cnf/s
Diffusion coefficient of species ‘i’ in electrode k in the liquid phase, cnf/s
Diffusion coefficient of A into B, cnf/s

Diffusion coefficient of CO, in the gas phase, cnf/s

Diffusion coefficient of O in the gas phase, cnf/s

Diffusion coefficient of CO, in the liquid phase, cnf/s

Diffusion coefficient of O in the liquid phase, cnf/s

Equilibrium potential of the cathode, V

Equilibrium potential of the anode, V

Applied current, A/cnt
Average flux of species ‘i’ from the liquid phase into the gas phase, mol/cnts

Concentration independent exchange current density, A/cm?2

Concentration dependent exchange current density, A/cm?2
Current density in the electrolyte, A/cnt
Current density in the solid, A/cn?

Volume averaged current density in the electrolyte, A/cnt

Volume averaged current density in the solid, A/cn?

Molar flux of speciesi relative to molar average velocity, mol/cnt's

Mass flux of speciesi relative to molar average velocity, mol/cnfs

Mass flux of speciesi relative to mass average velocity, mol/cnfs
Concentration independent exchange current density in the electrode k, A/cm2

Concentration dependent exchange current density in the electrode k, A/cm?2

Current density in the electrolyte, A/cnf

Current density in the solid, A/cn?
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(i)™

e,k

(19)
ki,k

KeC02

e,0,

(9
Keo,

Average local current density due to reaction occurring in electrode k at the
liquid/solid interface, Alcnt

Equilibrium constant relating the concentration of species ‘i’ in the liquid and gas

« )
phase in electrode K, <C*COZ >(g)
(Go,)

Rate constant of molar flux of species ‘i’ between the liquid and gas phase in
electrode k, cm/s

Equilibrium constant relating the concentration of CO, in the liquid and gas

<C§:oz >(I)
(co,)”

Equilibrium constant relating the concentration of O, in the liquid and gas

phase,

e A2
phase, <Co >(9)

Rate constant of molar flux of CO, between the liquid and gas phase cm/s

Rate constant of molar flux of O, between the liquid and gas phase cm/s

Thickness of the fuel cell, cm

Molecular weight of speciesi, gm/mol

Molar flux of speciesi with respect to a fixed frame of reference, mol/cnfs
Volume averaged molar flux of speciesi in the gas phase, mol/cnfs

Volume averaged molar flux of speciesi in the liquid phase, mol/cnfs

Molar flux of speciesi with respect to afixed frame of reference, mol/cns
Molar flux of species ‘i’ in phase ‘k’, mol/cns

Number of electrons exchanged through reaction ‘k’

Unit normal vector to the surface Syq) pointing out of the liquid into the gas phase
Unit normal vector to the surface S5 pointing out of the liquid into the gas phase

Equilibrium partial pressure of CO,, am.
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< < <
=

p<

X

X
N

—_—~
—
~—

Equilibrium partial pressure of O, am.
Equilibrium partial pressure of H,, atm.

Total pressure, atm.

Average rate of production f species ‘i’ at the liquid/solid interface, mol/cnTs
Average rate of production f species ‘i’ at the gas/solid interface, mol/cnt's
Molar flux of species ‘i’ from the liquid into the gas phase, mol/cnts
Stoichiometry of species‘i’ in reaction ‘K’

Surface that coincides with the liquid/gas interface inside volume V, cn?f
Surface that coincides with the liquid/solid interface inside volume V, cn?

Temperature, K

Dimensionless concentration of species ‘i’ in phase ‘K’

Volume of porous media, cnt

Volume of phasei in the porous media, cn?
Diffusion volume of CO,

Diffusion volume of O,

Mole fraction of speciesi

Cathode- matrix interface
M atrix-anode interface

Overpotential, V

Liquid phase potentia, V
Solid phase potential, V
Potential in phase ‘k’, V
Cathodic transfer coefficient

Anodic transfer coefficient

Cathodic transfer coefficient of electrode k
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Anodic transfer coefficient of e ectrode k

Gas porosity at electrode k
Liquid porosity at electrode k
Solid porosity at electrode k
Gas porosity

Liquid porosity

Solid porosity

Apparent electrolyte conductivity, S/lcm =k (e(') )d

Electrolyte conductivity, S/cm
Electrode conductivity of electrode k, S/cm

Mass average velocity, cm/s
Molar average velocity, cm/s
Electrode

Cathode

Anode

Apparent electrode conductivity, Slcm =s (e(s))d
Density of speciesi, gm/cn?

Electrode conductivity, S/cm
Liquid phase
Gas phase
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Figurel. Schematic of the MCFC cell based on the agglomerate model.
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Figure 2. 3crr? cell used to acquire the experimental data.
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Figure 3. Schematic of the 3crr? cell used to acquire the experimental data.
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Figure4. Thermo gravimetric analysis (TGA) of an agueous nickel tape.

89



57mm

LiNip7C0g202 LiNipgC09:02 LiNip.9C00.102

Magnification X 2000

Figureb. Scanning €electron micrographs of synthesized LiNkCo01-xO2 with
different amounts of cobalt doping (x = 0.1, 0.2 and 0.3).
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Figure®. Thermo gravimetric analysis (TGA) of LiNip.gCap20; tape obtained by
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Figure?. SEM pictured of LiNpgCog20, electrodes obtained after tapecasting and
sintering.
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Figure9. Schematic of MCFC full cell based on the volume averaged model.
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Figure10.  SEM photographs of bare and cobalt microencapsulated nickel electrodes
obtained by tape casting and sintering.
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Figurell.  Schematic of a Vickers hardness tester showing the diamond tip indenter
with a phase angle of 136°C.
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Figurel12.  Atomic absorption spectroscopy analysis of dissolved nickel and cobalt
in molten carbonate melt.
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Figurel14.  Open circuit potential as afunction of time during the in-situ oxidation of
bare and cobalt encapsulated nickel tapes under cathode gas conditions.
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Figurel5.  Comparison of cathode polarization behavior at different current loads

for bare (a) and cobalt encapsulated nickel (b) cathodes at different
temperatures.
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Figure16.  Comparison of i-V plots obtained for CoO-NiO electrodes under
different cathode gas and temperature conditions.
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Nyquist plots of impedance response of cobat encapsulated nickel
electrode as a function of O, and CO» partial pressures at 650°C (a) and
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Figure20.  XRD patterns of NiO and Co-NiO cathodes treated in molten carbonate
under cathode gas conditions for a period of 300 hours.
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Magnification X 2000

Figure2l.  SEM photograph of cobalt microencapsulated nickel powder electrode
obtained by tape casting and sintering.
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Figure22.  Atomic absorption spectroscopy anaysis of dissolved nickel in molten
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Figure23.  Cathode polarization behavior at different current loads for cobalt
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Figure25.  SEM pictures of La0.8Sr0.2Co03 coated NiO electrodes obtained after
sintering. (Magnification x 2000).

111



a3
c"
A
\8-‘/ )
-
N g
= Y \ S —
&) ) ’ § | 5|8 5B
— 8 N O
2 | 900°C | | = S
7))
S [800°C u\i-u -
€ |700°C 'l
600° C
500° C
400°C _ |
300° C . .
0 20 40 60

2-Theta (deg.)
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Figure27.  X-ray diffraction patterns of Lag.gSro2CoOs coated NiO sintered at 900°
C.
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Figure4l.  SEM photographs of fresh and posttest SS304 and Co-Ni-SS304. Post-
test specimens were obtained after 500 hours of operation in molten
carbonate under cathode gas conditions.
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Figure42.  EDAX analysis on the separator matrix.

131



(]
LiNiO,
and LiCoO,

@}

LiFesOq

LiFeO,

Co-Ni-SS304 l

) l 1
= |
: %
c
5 4 T
8 |
2
‘B @} .
5
£

v -

20 40 60
2 theta
Figure43.  X-ray diffraction patterns of corrosion scales formed in posttest £S304

and Co-Ni-SS304. Post-test specimens were obtained after 500 hours of

operation in molten carbonate under cathode gas conditions.

132



LiAIO, Separ ator
Beforetest

19mm
Magnification — 1000

LiAle Separ ator LiAlO, Separ ator
SS 304 (time = 500 hours) Co-Ni (time =500 hours)
12 mm 12 mm
Magnification — 1500 M agnification — 1500
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containing SS304 and Co-Ni-SS304. Post-test specimens were obtained
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conditions.
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Figure47.  Tafel polarization curves for SS304 obtained as a function of different
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Figure51.  Schematic of the electrical equivalent circuit that was used to fit the
experimental impedance response obtained for the cases of SS304 and
Co-Ni-SS304.
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Figure 53. Comparison of overpotentia profiles for different k values. The
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Figure54. Changes in the electrode reaction rate for varying electrolyte
conductivity. The parameters gn and g are given by Eq. 45 and 46.
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Figure55.  Comparison of the reaction rate for varying electrode conductivity.
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Figure56.  Effect of exchange current density on the polarization behavior of the
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Figure 60. Effect of electrode thickness on the polarization loss at different applied
loads.
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Figure62.  Change in LiNiCoO; electrode polarization with applied current density
for different temperatures. Solid lines are model simulations and symbols
represent the experimental data.
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Figure63.  Comparison of model results and experimental data for different gas
compositions. Experimental data were obtained from the polarization
behavior for LiCoO, given by Lagergren and Simonsson (62).
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Figure69.  Comparison of the cell potentials obtained using the two models (with
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159



0.015

-+
001k i
= , & 250mA/cn?
g 150 mA/crr
= 0005
=
T
g 50 mA/cn?
= Op
]
=
()
%-D.DDE
i_
+
0.01 HT
|
0015 ! ' ! ' !
0 0.05 0.1 015 02 025
¥, G

Figure7l.  Loca current density in the cathode and the anode for different applied
current densities. Dashed lines with ‘+' markers represent 50 mA/cnt;
Dashed lines with no markers represent 150 mA/cnt; Dashed lines with
‘O’ markers represent 250 mA/cnt.

160



1000 ! I ! I ! T T T T T T T T T T T T T T T T

900 [
800 T
700
600 I

500 |

Cell Potential (mV)

400 1

300

/150 mA/cn?
200 [ ’

10—5.0000 10-4.0000 10-3.0000 10-2.0000 10-1.0000 100.0000 101.0000

Exchange current density of cathode, A/cn?

Figure72.  Cell Potential as afunction of the cathodic exchange current density.
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Figure73.  Cell Potential as afunction of the anodic exchange current density.
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Figure74.  Effect of cathode conductivity on cell potential.
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Figure76.  Comparison of model to experimental data of Soler et al.[65]
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Table I. List of parameters used in cathode model simulations.

Parameter Value Reference
Diffusion coefficient of CO, in the liquid phase, D, le* ent/s 34
Diffusion coefficient of O, in the liquid phase, D((J'Z) 3e” entls 34
Diffusion coefficient of CO; in the gas phase, D((:go)z 1.16 cnt/s 46
Diffusion coefficient of O, in the gas phase, DY 1.16 cnt/s 46
Electrode conductivity, s 13 S/cm 35
Electrolyte conductivity, k 2.0e“ Scm 34
Correction for diffusion coefficient, b 15 39
Correction for conductivity, d 15 39
Rate constant of the molar flux of CO, between the liquid and 3e” aml/s 39
gas phase, k((:'g)z
Rate constant of the molar flux of O, between the liquid and 26 om/s 39
gas phase, k(()'f)
Thickness of the electrode, L 0.06 cm Measured
Liquid porosity, e 0.3 M easur ed
Gas porosity, el9 0.4 M easured
Solid porosity, e 0.3 M easur ed
Exchange current density, i 50 mA/cnf 67
Cathodic transfer coefficient, a 0.5 29,45
Cathodic transfer coefficient, a, 15 29,45
Reaction order based on CO,, 1, -1.25 29,45
Reaction order based on O, 1, 0.375 29,45
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Table Il. Temperature dependence of different electrode parameters for
LiNiCoO2 cathode.

Par ameter a b (VK) R
k 3.268 S/cm 47155 0.9915
D:: o 144.82 cntls 10975 0.9994
Dy, 0.352 cnf/s 4417 0.9751
ig 243.96 Alcnf 11887 0.9842
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Table I11. Kinetic and conductivity properties for different cathode materials.

Cathode material s (Slcm) io (MA/cn)
NiO 13 50
LiCoOy 1 S
LiNiCoO; 5 0.65
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Table IV. List of parameters used in full cell model simulations.

Parameter Value Reference
Diffusion coefficient of CO, in the liquid phase in cathode, DY, . le” cnt/s 34
Diffusion coefficient of Oy in the liquid phase in cathode, D 3e” enf/s 34
Diffusion coefficient of CO;, in the liquid phase in anode, Dgga le” cnt/s
Diffusion coefficient of H, in the liquid phase in anode, Dﬂ;a le” cnt/s
Diffusion coefficient of CO, in the gas phase in cathode, D) 1.16 cnt/s 46
Diffusion coefficient of O, in the gas phase in cathode, Déf) 1.16 cnf/s 46
Diffusion coefficient of CO, in the gas phase in anode, Dé%)2 4.625 cnt/s 46
Diffusion coefficient of O, in the gas phase in anode, Dggj 4.625 cnf/s 46
Cathode conductivity, S 13 S/cm 35
Anode conductivity, s, 13 S/cm
Electrode conductivity, k 2.0e“ Scm 34
Correction for diffusion coefficient, b 15 39
Correction for conductivity, d 15 39
Rate constant of the molar flux of CO, between the liquid and gas 3e” cmls 39
phase in the cathode, k((:'g)z ¢
Rate constant of the molar flux of O, between the liquid and gas 2e° cm/s 39
phase in the cathode, k)
Rate constant of the molar flux of CO, between the liquid and gas 3e” amls 39
phase in the anode, kggl,c
Rate constant of the molar flux of H, between the liquid and gas 2e” cm/s 39
phase in the anode, k,ﬂ'f?a
Thickness of the fuel cell, L 0.23cm M easured
Thickness of the cathode, x 0.08 cm Measured
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Thickness of the matrix, % - X1 0.1cm M easur ed
Thickness of the anode, L-x> 0.08 cm M easured
Liquid porosity in the cathode, e’ 0.3 M easur ed
Gas porosity in the cathode, eﬁg) 0.4 Measured
Solid porosity in the cathode, e® 0.3 Measured
Liquid porosity in the anode, e 0.2 Measured
Gas porosity in the anode, e(? 0.45 M easur ed
Solid porosity in the anode, e® 0.35 Measured
Cathodic transfer coefficient, acc 05 45
Anodic transfer coefficient, aac 15 45
Cathodic transfer coefficient, ac.a 15 28
Anodic transfer coefficient, a,a 0.5 28
Reaction order based on CO; in the cathode, r, -1.25 45
Reaction order based on O; in the cathode, r, 0.375 45
Reaction order based on CO; in the anode, r, , 0.25 28
Reaction order based on H, in the anode, T, , 0.25 28
Equilibrium potential of the cathodic reaction E, . v 0 M easur ed
Equilibrium potential of the anodic reaction E,,, v -1.02 M easur ed
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